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PREFACE TO THE THIRD EDITION 

Since this book was first written, practice has changed to such 
an extent that inan3'' statements, which were true at that time, 
are not true today. These portions have been entirely rewritten 
so as to present the very latest features in construction and 
practice. Also practically every other chapter has been altered 
and new matter and illustrations inserted, where it was thought 
that greater clearness could be so attained. 

The presentation of the theory has been quite carefully 
considered and has been largely rewritten in order to be more 
effective. An attempt has been made to so arrange this that 
the fundamental principles could be grasped without going into 
a lot of technical details. If desired, , certain portions of the 
latter, of theoretic interest only, can be omitted without breaking 
the continuity of thought. 

Chapters have been added on turbine governors and on the 
methods of turbine design. The latter has been inserted in 
order to meet a demand for something on that subject. The 
methods that are given are those employed by the best designers 
at the present time. The procedure avoids the old “ cut and 
try” practice on the one hand, as well as a highly theoretical 
treatment, that is of no practical value, on the other. It is 
rather a happy compromise between the two. The author is 
still of the opinion that the greater number of engineers are 
concerned with the construction and operating characteristics 
of turbines rather than with the details of their design. But 
there are some phases of turbine performance and construction 
that can be understood more completely, if approached from the 
view point of hydraulic design. 

Questions and numerical problems have been added at the 
end of every chapter, in order to increase the usefulness of the 
book for instruction purposes. The questions are intended to 
call attention to the most important features presented in the 

+ n olrtrt +/-» I-w»ir^rc /-kiiE rr^ rill nrl"k+ EVliaf/i 


year, rather than to incorporate such in the book. 

The notation has been changed slightly in the present edit 
in order to conform more closely to the standard notat 
recommended by the Society for the Promotion of Engineei 
Education. 

The author is indebted to many teachers and .students, a 
have used the former editions, and also to engineers with wh 
he has discussed these matters for numerous suggestions wt 
have been helpful to him in the preparation of the present volu: 


PASADE.'fA, Calif., 
Fehniary, 1920. 


R. L. E 


PREFACE TO THE SECOND EDITION 


In addition to correcting typographical errors and rewritin 
two articles, the issuing of a second edition has afforded a 
opportunity to add new material which it is believed will increas 
the sphere of usefulness of the book. The discussion of severt 
matters in the text has been amplified and there have been addei 
numerous questions and problems. This together with the 1 
tables of test data in Appendix C will afford much .suitabl 
material for instruction purposes. 

The author wishes to acknowledge his indebtedness to Proi 
E. H. Wood of Cornell University for his careful criticism of th 
first edition and to Prof. W. P. Durand of Leland Stanfor 
University for much valuable assistance. 

R. L. D. 

Ithaca, N. Y., 

August, 1914. 


PREFACE TO THE FIRST EDITION 

The design of hydraulic turbines is a highly specializec 
industry, requiring considerable empirical knowledge, Avhicl 
can be aquired only through experience; but it is a subject ii 
which comparatively few men are interested, as a relatively 
small number are called upon to design turbines. But with tin 
increasing use of water power many men will find it necessary 
to become familiar with the construction of turbines, understanc 
their characteristics, and be able to make an intelligent selectioi 
of a type and size of turbine for any given set of conditions 
To this latter class this book is largely directed. However, £ 
clear understanding of the theory, as here presented, ought tt 
be of interest to many designers, since it is desirable that Ameri 
can designs be based more upon a mathematical analysis, as ii 
Europe, and less upon the old cut and try methods. 

The broad problem of the development of water power i 
treated in a very general way ,so that the reader may understanc 
the conditions that bear upon the choice of a turbine. Thus tin 
very important items of stream gauging and rating, rainfall anc 
runoff, storage, etc., are treated very briefly, the detailed study 
of these topics being left for other works. 

The purpose of the text is to give the following: A genera 
idea of water-power development and conditions affecting tin 
turbine operation, a knowledge of the principal features o: 
construction of modern turbines, an outline of the theory anc 
the characteristics of the principal types, commercial constants 
means of selection of type and size of turbine, cost of turbine; 
and water power and comparison with cost of steam power 
A chapter on centrifugal pumps is also added. It is hoped tha 
the book may prove of value both to the student as a text anc 
to the practicing engineer as a reference. R. L. D. 

Cornell Univbr.sity, Ithaca, N. Y., 

Aiigust, 1913. 
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NOTATION 


total area of streams in square feet measured noi’mal to absolute 
velocity. 

total area of streams in square feet measured normal to relative 
velocity. 

height of turbine runner in inches, 
coefficient of discharge in general. 

T'^i/ -Vigh- 

coefficient of contraction, 
coefficient of velocity, 
coefficient of radial velocity, 
coefficient of tangential velocity, 
diameter of turbine runner in inches, 
efficiency. 

hydraulic efficiency, 
mechanical efficiency, 
volumetric efficiency, 
force in pounds, 
friction factor. 

acceleration of gravity in feet per second per second, 
total effective head = s + 7V2ff + p/w. 
any loss in head in feet, 
head in feet. 

head lost in friction in turbine or pump. 

head converted into mechanical work or vice versa. 

any factor. 

capacity factor. 

power factor. 

any coefficient of loss. 

revolutions per minute. 

speed for maximum efficiency. 

5/4 

specific speed = iVeVB.h.p./fi 

abstract number. 

abstract number. 

axis of rotation. 

power. 

intensity of pressure in pounds per square foot. 

total quantity in cubic feet. 

rate of disr.hfi.rtre in enbio feet ner second. 


T'a = tangential component of absolute vclocit}’' = V cos a. 

u = velocity of water relative to wheel in feet per second, 
ir = pounds of water per second = icq. 
w = density of water in pounds per cubic foot. 

X = r./ri. 
y = Altai- 

a = angle between V and u (measured between positive directions). 

(3 = angle between v and n (measured between positive directions). 

= ratio Ui/\/2gh. 

<ti, - value of ii> for maximum efficiency, 
u = angular velocity = u/r. 

The subscript (1) refers to the point of entrance and the subscript (2) 
refers to the point of outflow in every case. 



HYDKAULIC TURBINES 


CHAPTER I 
INTRODUCTION 

L. Historical. — Water power was utilized many centuries 
3 in China, Egypt, and Assyria. The earliest type of water 
eel' was a crude form of the current wheel, the vanes of which 
)ped down into the stream and were acted upon by. the impact 
the current (Fig. 1). A large wheel of this type was used 
pump the water supply of London about 1581. Such a wheel 
rid utilize but a small per cent, of the available energy of 
5 stream. The current wheel, while very inefficient and 
lited in its scope, is well suited for certain purposes and is 
t yet obsolete. It is still in use in parts of the United States, 




Fig. 1. — Curront wlioel. Fig. 2. — Breast wheel. 

China, and elsewhere for pumping small quantities of water 
' irrigation. 

The undershot water wheel was produced from the current 
.eel by confining the channel so that the water could not escape 
der or around the ends Of the vanes. This form of wheel was 
oable of an efficiency of 30 per cent, and rvas in wide use up to 
out 1800. 


The overshot water wheel (Fig. 3) also utilized the weight 
of the water. When properly constructed it is capable of 
an efficiency of between 70 and 90 per c.ent. which is as good 
as the modern turbine. The overshot water wheel was exten- 
sively used up to 1850 when it began to be replaced by the 
turbine, but it is still used as it is well fitted for some conditions. 





1 ma,y uuub uc uppiieu t,o uic luroinc, smce me miter is a special 
,fpe of water wheel, according to the definition in the preceding 
aragraph. Second it may be nfsed to designate the types of 
lachines described in Art. 1 in order to distinguish them from 



le modern turbine. Third it may be understood to indicate 
apulse turbines of the Felton type as contrasted with turbines 
; the reaction type. In this book the term is used in the first 
• second sense only, the context making it clear which is meant 



Fio. 5. — Francibs turbine. 


•1. It can be used under a wide range of head, whereas th' 
head for an overshot wheel should be only a little more thai 
the diameter of the wheel. 

5. A greater capacity may be obtained without excessiv 
size. 

(). It can work submerged. 

7. There is less trouble with ice. 

S. It is usually cheaper. 




iiuilluaonl, !Ui(l niiHiil.isliiciory. in .such (siscis i,lu! ovursliot 
w.akir wIhs'I nuiy Iks iHitioi'. 'rii<! l.-iUcr liiis ii vciy liif>]i oflicioiKiy 
wlicn Hie, wiilc)' sui)ply is iiuicii Ic.ss llijin il.s nojiiiiil a^'iIuo. 
II is uiliiiitisl foj' lie, 'ids wliicli r.'ini^u iVoni 10 (,o dO fl,, and for 
(liianlilicH of wal.cj' from 2 l.o OO uti. fl. jau' socond.' 

yVn ovci'sliol, wliccl on l.lin Islo of Man is 72 fl.. in diamolor 
jind dcvclojjs I.'iO li.p. Anol.luu' al. d’l'oy, N. Y., was 02 ft. in 



Fig. G. — Puro niilifil iiuviircl lli»w ruiiiior of tUo orifiiniil Fnuiois type. 

diameter, 22 ft. wide, weighed 230 ton.s, and developed 550 li.p. 
Tlie latter is now in a state of min. 

6. Essentials of a Water-power Plant. — A water-power plant 



be no more than a diversion wall to deflect a portion of the 
current into the intake. 

3. Intake Equipment . — This usually consists of racks or screens 
to keep trash from being carried down to the wheels and of head 
gates so that the water may be shut off, if need be. 

4. The Conduit . — The water may be conducted by means of an 
open channel called a canal or flume, or through a tunnel, or by 
means of a closed pipe under pressure, which is called a penstock 
if it leads direct to the turbines. 

5. The Forehay . — A small equalizing reservoir is often placed 
at the end of thij conduit from the main intake and the water is 
then led from this to the turbines through the penstock. This is 
called the forebay and is also referred to as the headwater. In 
the case of a plant without any storage reservoir the body of 
water at the intake is often termed the forebajn 

6. The Turbine . — The turbine with its case or pit and draft 
tube, if any, comprise the setting. 

7. The Tail Race . — The body of water into which the turbine 
discharges is called the tail water. The channel conducting the 
water away is the tail race. 

6. QtJESTIONS 

1. What is a turbine? What is a water wheel? 

2. Under what circumstances would a current wheel be used? Could 
a turbine be used under the same conditions? Wliat is the advantage of 
the undershot wheel over the current wheel? 

3. Under what circumstances would an overshot water wheel be used?. 
Could a turbine be used under the same conditions? Could an overshot 
wheel replace any turbine? 

4. tniat elements would be found in every water-power plant? What 
elements may be in some and lacking in others? yTiat is the difference 
between a storage reservoir and a forebay? 


CHAPTER II 


TYPES OF TURBINES AND SETTINGS 

7. Classification of Turbines. — Turbines are classified ac- 
lording to : 

1. Action of Water 

(a) Impulse (or pressureless). 

(&) Reaction (or pressure). 

2. Direction of Flow 

(a) Radial outward 

(b) Radial inward 

(c) Axial (or parallel) 

(d) Mixed (radial inward and axial). 

3. Position of Shaft 

(a) Vertical. 

(&) Horizontal. 

8. Action of Water. — In the impulse turbine the wheel pas- 
lages are never completely filled with water. Throughout the 
low the water is under atmospheric pressure. The energy of the 
vater leaving the stationary guides and entering the runner is all 
dnetic. During flow through the wheel the absolute velocity 
)f the water is reduced as the water gives up its kinetic energy 
0 the wheel. In Europe a type of impulse turbine commonly 
ised is called the Guard turbine. In the United States prac- 
iically the only impulse turbine is the tangential water wheel 
)r impulse wheel, more commonly known as the Pelton wheel. 
See Fig. 7.) 

In the reaction turbine the wheel passages are completely filled 
vith water under a pressure which varies throughout the flow, 
rhe energy of the water leaving the stationary guide vanes and 
intering the runner is partly pressure energy and partly kinetic 
snergy.^ During flow through the wheel both the pressure 
md the absolute velocity of the water are reduced as the water 



uvnainic lorce is ^ * ._c • i a i • - 

the water and the distinction is largely artificial. And n 
modern turbines the so-called “impulse” at entrance and 
“reaction” at outflow may be effective in either type. 

A far better classification is as pressurelcss and prcssuri 
turbines. Another classification is as partial and completi 
admission tiu'bines, as in the former tj'pe the water is admittec 


Fin. 7. — Tangenlia) water wheel with deflecting nozzle. 


at only a portion of the circumference while in the latter type 
is necessarily admitted around the entire circumference. 

9, Direction of Flow. — Radial flow means that the path of 
particle of water as it flows through the runner lies in a plai 
which is perpendicular to the axis of rotation. If the water ente 
at the inner circumference of the runner and discharges at tl 
outer circumference we have an outward flow type known ; 
the Fourneyron turhine. (See Fig. 78.) 

If the water enters at the outer circumference of the runn 
and discharges at the inner circumference we have an inwa 
flow type as in the original Francis turbine shown in Figs. 


Dine extent in Europe. 

If the water enters a wheel radially inward and then during 
.s flow through the runner turns and discharges axially we 
ave a mixed flow turbine. This is known as the American type 
f turbine and is also called a Francis turbine, though it is not 
Icntical with the one built by Francis. 

Modern reaction turbines are practically all inward flow 
jrbines of the mixed flow type and to this type our discussion 
dll be confined. 

10. Position of Shaft. — -The distinction as to poisition of shaft is 
bvious. The vertical shaft turbines are, however, further classi- 
ed as right-hand or left-hand turbines according to the direction 
f rotation. If, in looking down upon the wheel from above, the 
station appears clockwise it is called a right-hand turbine. The 
3 verse of this is a left-hand turbine. 

So far as efficiency of the runner alone is concerned there is 
ttlc difference between vertical and horizontal turbines. Other 
[lings being equal, the hydraulic losses should be identical in 
ither case, but there might be some difference in the friction of 
ae bearings. As the latter is only a relatively small item, a 
sasonable variation in its value would have but slight effect 
n the efficiency. 

But when we consider the runner and draft tube together, we 
lay find a difference, since the draft tubes are not necessarily 
qually efficient in the two cases. The single-runner, vertical- 
haft turbine, as shown in Fig. 9, is readily seen to lend itself to a 
lore efficient draft tube construction than the horizontal-shaft 
nit, as shown in Fig. 11, with the necessary sharp quarter turn 
ear the runner where the velocity of the water is still high, 
f the velocit}' of discharge from the runner is low, the difference 
1 the two cases may be insignificant, but, where the velocity of 
le water is relatively high, the draft tube for the vertical-shaft 
Feel may.be decidedly better. 

In general a horizontal shaft is more desirable from the stand- 


cvlc uoual-lj LLLCU WiUll Xi-t *v »» »A.i. I'-'w vxj.wv 

ordinarily the vertical setting is used only for low heads. (See 
Fig. 8.) 



Fjo. S. Pair of vertical shaft turbines in opoii flume 


The horizontal shaft turbine is used where the turbine can be 
set above the tail water level and if the generator or other machin- 
ery that it drives can be set at the same elevation. This is almost 
always the case with a high-head plant and is also quite frequently 
the case with a low-head plant. (See Fig. 10.) 

These statements are purely general and there are many 
exceptions. 







The generator is mounted between tae two Dealings ana tn' 
bine runner, which is relatively light, is overhung on the e 
the generator shaft. Sometimes there are two runners fo 
generator and in this case one may be overhung on either 
The former is called the single-overhung arid the latte 
double-overhung construction. 



The double-overhung type is found only with horizontal 
units and naturally requires two separate cases and two 
tubes. On the other hand with either a horizontal or vr 

TYift.v +.wn riin'n/avcj r^^Qr»l^arfT/i info n. r»nmmnn 



Fig. 11. — Horizontal shaft turbine showing draft elbow. 


fall from the point of discharge to the water was lost. To avoid 
this loss turbines have been submerged below the tail water level 
as in Fig. 4, page 3. By the use of a draft tube (or suction 
tube), as in Fig. 8 and Fig. 10, it is possible to set the turbine 
above the tail water without suffering any loss of head. This is 
due to the fact that the pressure at the upper end of the draft' 
tube is less than the atmospheric pressure. This suction com- 
pensates for the loss of pressure at the point of entrance to the 
turbine guides. 

As will be shown later, when the theory is nresented, the use of 


Since the wheel passages of an impulse turbine must be open 
to the air it is readily seen that the use of a draft tube in the 
usual sense of the word is not possible. However, as will be 
seen later, the impulse turbine is better suited for comparatively 
high heads so that the loss from the wheel to the tail water is 
a relatively unimportant item. 

13. Flumes and Penstocks. — If the turbine be used under a 
head of about 30 ft. or less a flume maj'’ conduct the water to an 
open pit as in Fig. 4 and Fig. 8. If the head is much greater 
than this it becomes uneconomical and a penstock is used as in 
Fig. 10. The turbine must then be enclosed in a water-tight case. 
Various forms of cases will be described in Chapter V. 

For penstocks where the pressure head is less than about 230 
ft. (100 lb. per square inch) wood-stave pipe is frequently used. 
It is cheaper than metal pipe for similar service. 

Cast-iron pipe is used for heads up to about 400 ft. It is not 
good in large diameters nor for high pressures on account of 
porosity, defects in casting, and low tensile strength. Its 
advantages are durabiUty and the possibility of readily obtaining 
odd shapes if such are desired. 

For high heads, steel pipe, either riveted or welded, is used. 
It is cheaper than cast iron in large sizes but it corrodes more 
rapidly. 

14. QUESTIONS 

1. In what ways may turbines be classified? How many of these are 
found in current practice? E.xplain the features of each. 

2. What are the differences between impulse and reaction turbines? 
What types of each are now used? Explain the various directions of flow 
that may be used. 

3. 'Vi'hat are the relative merits of horizontal and vortical shaft turbines? 
. When would each ordinarily he used? 

4. Wliat arrangements of runners may we have for vertical shaft units? 
For horizontal shaft units? IVhat is meant by single- and double-over- 
hung construction? 

6. AVhat two functions does the draft tube fulfill? How does it prevent 


WATER POWER 


16 . Investigation. — Before a water-power plant is erected a 
refill study should be made of the stream to determine the 
Tse-power that may be safely developed. It is important to 
low not only the average flow but also both extremes. The 
treme low-water stage and its duration will determine the 
lount of storage or auxiliary power that may be necessary, 
le extreme high-water stage will fix the spillway capacities of 
ms, determine necessary elevations of machines, and other 
3ts essential to the safety and continuous operation of the plant. 
16 . Rating Curve. — The first step in such an investigation is 
e establishment of a rating curve. (See Fig. 12.) To determine 



s discharge of the stream a weir, current meter, floats, or other 
jans may be employed according to circumstances. ^ 

By measuring the flow of the stream for different stages a 
ting curve is readily drawn. This will not be a smooth curve 
there are abrupt changes in the area of the section. A given 
ge height may really represent a range of flows depending upon 
lether the river is rising or falling, the flow being greater if the 
earn is I'ising and less if it is falling. This is because the 
draulic gradient is different in the two cases. ^ If possible, 

Hoyt and Grover, “River Discharge.” 
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If the bed of the stream changes, as it frequently docs rn 
sandy or alluvial soil, the rating curve will also change and must 
be determined anew from time to time. Sometimes a special 
permanent control station may be constructed to avoid this. 

17. The Hydrograph. — -When gage readings are taken legulaily 
and frequently for any length of time and the corresponding 



discharges secured from the rating curve a history of the flow may 
be plotted as in Fig. 13. Such a curve is called a hydrograph. 
This curve is extremely useful in the study of a water-power 
proposition. To be satisfactory it should cover a period of 
several years since the flow will vary from year to year. Since 
it is very important to know the extremes also, it should cover 
both a very dry year and a very wet one as well as the more 
normal periods. 

18. Rainfall and Run-off. — Rainfall records are usually avail- 
able for many years back and ai-e a valuable aid in extending 
the scope of the hydrograph taken, provided a relation between 
rainfall and run-off can be estimated. If the ground be frozen. 



luwriij uiit; uuiiuioiuxjs urt; suuii uimi iiie reiauiun is ueLWtJtiJLi biiest; 
o extremes. In a general way it may be said to lie between the 
o curves shown in Fig. 14. ^ 

The relation between rainfall and run-off is very complicated 
d only partially understood at present. For more information 
isiilt Water Supply Papers of the U. S. G. S. and other sources. 



Fio. 14. — Relation of rainfall to run-off. 

^9. Absence of Satisfactory Hydrograph. — If no liydrograph 
the stream is available and there is no time to secure one, a 
dy of the stream may be made by comparison with the hydro- 
.phs of adjacent streams. It is well, however, to take a 
Jrograph for a year, if possible, in order to be able to check 
comparison. 

f no hydrographs of adjacent streams are available, it is neces- 
y to use the rainfall records and make a thorough study of 
physical conditions of the water shed. If the relation between 
ifall and run-off can be estimated, then fairly satisfactory 
:clusions may be drawn, provided a hydrograph for one year 
. be used to work from. Where there is not time to take a 
r’s record it is well to be very conservative and provide for 
are extension of power if it is later found to bo warranted. 

0. Variation of Head. — Since the discharge of any stream is 
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tail water level the net head under which the turbine operated 
would remain constant. But, under the usual conditions, the 
tail water level rises more than the head water level and the net 
head under which the turbine operates becomes less. This is 
illustrated in Fig. 15 where three rates of flow are shown. 

At high water the horse-power of the stream may be large even 
though the fall be reduced, owing to the increased quantity of 



Pin. 15. — Decrease of available head at high water. 


water. But the horse-power of the turbine may be seriously 
diminished. A turbine is only a special form of orifice and there- 
fore the discharge through it is proportional to the square root of 
the head. If then the discharge through it be reduced^due to the 
lower head, the horse-power input to the turbine is decreased. If 
the best efficiency is to be obtained, the speed also should vary as 
the square root of the head. But usually the turbine is compelled 
to run at constant speed and this causes a further reduction of the 
power of the turbine since the efficiency is lowered. (The speed 
should be the best for low water because economy of water is then 
important.) It is thus seen that the decrease of the head at high 
water causes a loss of power and a drop in efficiency. This 

\ —in L_ « -f* ... .... 



mputea irom tne nydrograpn by itsins the lieads that would he 



Fro. 10. — Power curve of a stream. 


taiuecl at various stages of flow. Or the hydrograph itself may 
11 be used as a power curve if the power scale that is used is 
ide to vary as the head varies instead of being uniform. 

[f Pig. 16 represents the power curve of a stream then A-B 
iresents the greatest power that the stream can be counted 
on to furnish at all times. 



Fig. 17 , 


52. Pondage and Load Curve. — By pondage, is meant the 
rinti of a limited amount of water. If the plant be ooerated 


while the peak load may be much greater. 

23. Storage. — By storage is meant the storing of a consider- 
able quantity of water, so that it varies from pondage in degree 
only. Pondage indicates merely sufficient capacity to supply 
water for a few hours or perhaps a few days, but storage implies 
a capacity which can supply water needed during a dry spell of 
several weeks or months or more. The effect of storage is to 
enable the minimum power of the stream to be raised from A-B 
to C-D (Pig. 16). The greater the storage capacity the higher 
C-D is placed until it equals the average power of the stream. 
The water for the turbines may be drawn direct from the storage 
reservoir (in which case the head varies) or the reservoir may be 
used as a stream feeder only. 

A plant operating under a low head requires a relatively large 
amount of water for a given amount of power. A storage basin 
for such a plant would require a very large capacity if it were to 
furnish power for any length of time. But a low head is usually 
found in a fairly flat country where it is possible to construct a 
storage reservoir of limited capacity only, and often none at all, 
on account of flooding the surrounding country. But for a high 
head the conditions are different as only a relatively small amount 
of water is required so that the capacity of the storage reservoir 
need not be excessive. The higher the head, the more valuable a 
cubic foot of water becomes. The topography of a country where 
a high head can be developed is usually such that storage reser- 
voirs of large capacity can be constructed at reasonable cost. A 
low-head plant usually possesses pondage only — a high-head 
plant usually possesses storage. 

24. Storage and Turbine Selection. — If a plant possesses 
neither storage iror pondage, or the stream flow may not be inter- 
rupted because of other water rights, the economy of water when 
the turbine is running under part load is of no importance. The 
efficiency at full load is all that is of interest. But if the plant 
does have pondage or storage in any degree the economy of water 



Fig. ]8. — VaiyiiiK ratc.y of flow in pipe lino. 


gradient is then a horizontal line. If the nozzle be partially 
opened, so that flow takes place, the losses in the pipe line as well 
as the velocity head in the pipe cause the pressure to drop to 
CY. A further opening of the nozzle would cause the pressure 
to drop to a lower value. If the nozzle were removed the pres- 



sure, at C is then atmospheric only, which we ordinarily call zero 
pressure. The hydraulic gradient is then A~C. 

Head is the amount of energy per pound of water. The head at 
C is the elevation head, taken as zero, plus the pressure head, plus 
the velocity head. When the discharge is zero the head is a 
maximum, being equal to CX. When the nozzle is removed the 


between these two extremes as is shown in Fig. 19. Let the 
rate of discharge through the pipe be denoted by q, the net 
head at C by h, the loss of head by II', and the height CX by z. 
If the loss of head in the pipe be assumed proportional to the 
square of the velocity of flow we may write II' = Kq'', whore K 
is a constant whose value depends upon the length, size, and 
nature of the pipe. Then 

Power = qh = q{z — H') = qz — Kq^ 
Differentiating ^(PoweiO/d^ — z — SKq'^ = 0 
Or 2 = SKq'' = 3II'. 

Thus the power delivered by a given pipe line is a maximum when 
the flow of water is such that one-third the head available is 
used up in pipe friction, leaving the net head only tw'o-thirds 
of that available. 

The efficiency of the pipe line is expressed by h/z. Thus in the 
case where the pipe line is delivering its maximum poAver, its 
efficiency is only per cent. But if economy in the use of 
water is an object the discharge through the pipe Avould be kept 
at a loAver value than this so as to prevent so much of the energy 
of the water being wasted. For a given quantity of water, this 
means that a larger pipe would be used, so that its efficiency 
Avould be higher. In a similar manner, if a given amount of power 
is required, the smallest pipe that can be used will be of such a 
size that its efficiency is 66% per cent. As the pipe is made 
larger than this, its efficiency rises and the amount of water 
required decreases. i 

The most economical size of pipe may be found as shown in 
Fig. 20. One curve represents the annual value of the poAver lost 

' It slioulcl be Dotod that in this paragraph there are three separate cases 
mentioned. First the size of the pipe is fixed and different rates of discharge 
are assumed to flow tlirough it. Second the quiintity of water available is 
fixed and the size of the pipe is the variable. Third the poAver delivered is 



size of Pipe 


Fig. 20. — Dotcrmiiiatiou of oconomic size of pipo. 


must be noted that this solution may not always be the most 
ictical because of other considerations. For instance the 
ocity of the water may be too high and thus give rise to 
uble due to water hammer. Again if the loss of liead is too 
?e a percentage of the head available, the variation of the net 
id between full discharge and no discharge may be con- 
erable. This might cause trouble in governing the turbine. 
16. Pipe Line and Speed Regulation. — A fundamental propo- 
on in mechanics is that 

input = output + losses + gain in energy, 
he speed of a turbine is to remain constant it follows that the 


it the loau on a turbine is rapidly rcclueeu tlie quantity ot water 
supplied to it must be very quickly decreased in order to keep the 
speed variation small. This means that the momentum of the 
entire mass of water in the pcn.stock and draft tube must be sud- 
denly diminished. If the penstock be long a big rise in pressure 
may be produced so that momentarily the pressure may bo greater 
than the static pressure. This inercaso in pressure may be suffi- 
cient to even cau.se an increa.se in the power input for a very brief 
interval of time. On the o( her hand, if the load on the turbine be 
suddenly increased, the water in the penstock and draft tube must 
be accelerated and this causes a temporary drop in pressure below 
the normal value, and for the time being the power input to the 
turbine may be diminished below its former value. The longer 
the pipe line and the higher the maximum velocity of fioiv, the 
worse these effects become. It is thus seen that the speed regu- 
lation depends upon the penstock and draft tube as w6ll as upon 
the governor and the turbine.^ 

If the velocity of the water is checked too suddenly a clangorous 
water hammer may be produced. In order to avoid an excessive 
rise in pressure, relief valves are often provided. Automatic re- 
lief valves are analogous to safety valves on boilers; they do not 
open until a certain pressure has been attained. Mechanically 
operated relief valves are opened by the governor at the same time 
the turbine gates are closed and afford the water a by-pass so that 
there is no sudden reduction of flow. To prevent rvaste of water 
these by-pa, sses may be slowly closed by some auxiliaiy device. 
Another means of equalizing these pressure variations is to place 
near the turbine a stand pipe or a surge chamber, with compressed 
ail’ in its upper portion, or open to the atmosphere if it can be 
made high enough. These have the advantage over the re- 
lief valves that they are not only able to prevent the pressure in- 

* A case may be cited wlmrs the length of a conduit was 7.7(3 miles, the 
average cross-section 100 sq. ft., and the maximum velocity 10 ft. per second. 
The amount of water in the conduit Avas, therefore, 128,125 tons and with 



1. Before a water power plant is built what information should be ob- 
tained regarding the streain? How may this be determined? 

2. What is the rating curve of a stream? How is it obtained ? What use 
is made of it? Is it always the same? 

3. What is the liydrograpk? How is it obtained? Wdiat is its use? 

4. What use may be made of rainfall records, if a hydrograph of the stream 
has been obtained by direct measurement? IWiat use may be made of 
rainfall records, if no hydrograph is in existence? 

6. Is the head on a water power plant constant? What causes this? 
Do the head water levels and the tail water levels change at the same rate? 
Why? What effect docs this have on the power and efliciency of the tur- 
bine? What types of plants are most seriously affected? 

6. IIow is the power of a stream to be determined? What effect does 
pondage have upon this? What is the difference between pondage and 
storage and how do they differ in their effects upon the extent of the power 
development? 

7. As the flow of water through a given pipe increases, how do the head 
and power delivered change? How does the efficiency vary? For what 
condition is the power a maximum? Is this desirable? 

8. If a given rate of discharge is to be used for power, how may the 
proper size of pipe be determined? Are there several factors that need to 
be considered? 

9. If a given amount of power is required and the water supply is ample, 
how can the smallest size of pipe that would serve be found? What would 
limit the largest size that might be used? 

10. How does the head on a turbine change with the load the wheel 
carries? AVhat effect does the pipe line have upon speed regulation? 

11. What devices are employed to care for the condition when the gover- 
nor suddenly diminishes the water supply? What may bo used to care for 
a sudden demand? 

12. The following tabic gives the results of a current meter traverse of a 
stream: Velocity of water in ft. per second equals 2.2 times revolutions per 
second of the meter plus 0.03. 

From this data compute the area, rate of disohargo, and mean velocity of 
the stream. (The mean velocity in a vertical ordinate will be found at 
about 0.6 the depth. The mean velocity is obtained with a slightly greater 
degree of accuracy by taking the mean of readings at 0.2 and 0.8 the depth. 

* See “Control of Surges in Water Conduits,” by W. F. Durand, Journal 
A. S. M. E., Juno, 1911; “The Differential Surge Tank,” by R. D. John- 
son, Trans. A. S. C. E., Vol. 78, p. 760, 1915; and “Pressure in Penstocks 
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Tlio (ii'Gti botiwecn two ordinates nisiy be talcen ns the product of the distance 
between them by half the sum of the two doptlis. The mean velocity in 
such an area may be taken ns half the sum of the mean velocities of the 
ordinates. The product of area and mean velocity gives the discharge 
through the area. The sum of all such partial areas and discharges gives 
the total area and total discharge of the stream. The total discharge divided 
by the total area gives the mean velocity of the stream.) 

Ans. 171.8 sq. ft., 14Q.8 cu. ft. 3rcr second. 

13. The traverse of the stream given in jrroblem (12) was made May 14, 
1913 when the gage height was 1.21 ft. Other ratings had been made as 
noted. 
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of tho cross-scction of the stream. Plot values of area, mean velocity, 
discharge ngahist gage height. (The area and velocity curves can be 
tided with greater assurance than the discharge curve. By computing 
cs of discharge from tlutso two, tho discharge curve may be produced 
ind readings taken.) 

i. Tho daily gage heights of tho stream of the preceding problem for 
1 are given below. Plot tho hydrograph. Note values of maximum, 
mum, and avemge How, and the dtiration of the minimum flow. 
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5. Tho following table gives the rainfall record in a certain vicinity for 







5 



is-S 


' 1 “ 

S-i 


a-S 

II 

q o 




rt 




d 

a c 

d d ' 

d q 


.2.9 




Ph"" 

C£J 



Pi*" 

P? 

\ rt- 

fA"' 1 

Ph 


K 

PCi 

Jan 

3.00 

1.0 

3 

21 

2.0 

4 .14 

2.2 

1 1.10 

1 0 

2.85 

1 .8 

4.01 

3.6 

Feb 

1.05 

1 .8 ! 

4 

01 

3 .5 

5.17 

4.0 

' 1.8-1 

1.7 

2.11 

1.8 

4.04 

3.0 

March. . . . 

I'.yi 

2.0 

4 

04 

4 .0 

3.74 

3.0 

1.48 

2.3 

2.98 

3.2 

5 .10 

4.7 

April 

2.11) 

2.2 1 

3 

78 

3.1 

1 4.91 

3.0 

5.90 

4.0 

2.82 

2.0 

5.71 

3.1) 

Moy 

2.72 

1 .2 1 

-1 

98 

2.0 

2.94 

1.3 

2.58 

1.2 1 

1.33 

o.n 

3 .15 

1.3 

Juno 

2.73 

0.8 ' 

1 

53 

0 .0 

! 3.50 

0.0 

3.47 

0.0 

7.08 

2.3 

1 .32 

0.5 

July 

2.7-1 

C.4 j 

3 

44 

0.4 

1.80 

0.3 

2.00 

0.3 

3.03 

0.4 

3.14 

0.4 

Aug 

2.55 

0.4 

2 

00 

0.4 

1 3 .GO 

0.5 

2. SO 

0.4 

5.70 

0.0 

0.30 

1.0 

Sept 

0.88 

1.7 ! 

4 

• OJ 

0.8 

2.73 

0.5 

' 3.38 

0.0 

3.57 

0.7 

4.40 

0.0 

Oct 

4.GI) 

1 .7 

1 

40 

O.G 

■ 1.28 

0.4 

: 1.20 

0.4 

5.33 

1.2 

3.50 

0.8 

Nov. , . . . . 

-1.70 

1 .0 

2 

51 

0.8 

1 .75 

O.G 

1 .3.15 

1 .0 

3.00 

1.0 

2.32 

0.8 

Deo 

4.88 

2.5 

0 

.00 

0.5 

j 2.03 

1.4 

1 1.93 

1 

1 .1 

'3.20 

1 .0 

4.02 

2.0 


16. The present capiieity of tlic Lalcc Spaulding reservoir of the Paeific 
Gaa and Electric Co. is 2,000,000,000 cu. ft. (it will eventually be twice 
this), the present flow ia 300 cu. ft. per second, and the net head on the 
jiower house is approximately 1300 ft. If the plant runs at full load con- 
tinuously and there is no stream flow into the lake, how long would this 
water last? If this same storage capacity were available for a plant of the 
same power under a head of 40 ft., what rate of discharge would bo required 
and how long would the water last? (It is worth noting that the surface 
area of Lake Spaulding is 1.3 square miles and the total drop in the water 
surface would be 56 feet if the sides wore vertical. Actually the drop is 
greater. No such drop in level would be found in connection with a plant 
under a 40-ft. head. If wo assume the drop in level to be 10 ft., for example, 
the surface area of the storage reservoir would have to be 233 square miles. 
Also the lowering of the he.ad on the plant in the latter case would make 
it necessary to use more w.ater and hence shorten the time as computed.) 

Ans. 772 days, 9750 cu. ft. per second, 2.4 days. 

17. The difference in elevation between the surface of the water in a 
storage reservoir and the intake to a turbine was 132.4 ft. During a test 
the pressure at the latter point was 126.6 ft. and the discharge 44.5 cu. ft. 
per second, giving a velocity head in a 30 in. intake of 1.3 ft. What was 
the effleieuoy of the pipe line? What was the value of tlie power delivered? 

A?is. 96. G per cent., 647 h.p. 

18. Assuming the loss of head to be proportional to the square of the rate 
of discharge, what is the maximum power the pipe in problem (17) could 
deliver? How 'many cubic feet of water per second are consumed per 
horsepower in problems (17) and (18)? Am. 1400 h.p,, 0.0G9, 0.088. 




.souoiKi m cvury chhi!. Assiiinc Uns expression to lie true lor similiir pipes 
of dilTerent sizes, the cost of 4, T), and 0 ft. rive.ted steel pipes to lie $4.2.5, 
.$7.50, .$12.50, and .$1,1. 00 per foot respectively, and the length of jiipe to be 
2000 ft. If the value of a horsepower per year is $20, the interest and de- 
preciation rate 7 per cent., and the rate of discliar^je 44.5 cn. ft. per second, 
what is the most econoiiiicat size of pipe? An.i. 5 ft. 




THE TANGENTIAL WATER WHEEL 

28. Development. — The tangential water wheel is the type of 
impulse turbine used in this country. Its theory and charac- 
teristics are precisely the same as those for the Girard impulse 
turbine, used abroad, and the two differ only in appearance 
and mechanical construction. It is used rather than the Girard 
turbine, because of the advantages offered by its superior type 


FiCf. 21, — Doblo ellipsoidal bucket. 

of construction. The tangential wheel is also called an impulse 
wheel or a Pelton wheel in honor of the man who contributed to 
its early development. The use of the term “Pelton Avater 
wheel” does not necessarily imply, therefore, that it is the 
product of the particular company of that name. 

The development of this rvheel was begun in the early days in 
California but the present wheel is a product of the last 20 years. 




right in the center. A mnn by the name of Pelton was running 
one of these wheels one day when it came loose on its shaft and 
slipped over so tliat the water struck it on one edge and was dis- 



Fio. 22. — Allis-Chnlraers bucket. (Courtesy of AUis-Chalmers Mfg. Co.) 


charged from the other edge. The wheel was observed to pick 
up in power and speed and this led to tlie development of the 
split bucket. 

29. Buckets. — The original type of Pelton bucket may be seen 
in Fig. 76, page 88, the Doble ellipsoidal bucket is shown in 
Fig. 21, the Allis-Chalmers typo in Fig. 22, while the recent 
Pelton bucket may be scon in Fig. 23. In every case the jet 
strikes the dividing ridge and is split into two halves. Tlie 





serves two buckets in such a fashion that the latter are connected 



Fia. 23. — Pollon bucket. {Courtcny of Felton Water Wheel Co.) 

as a chain. The advantage gained is one of compactness, it 
being possible to place the buckets somewhat closer together. 

30. General Proportions. — It has been found that for the best 
efficiency the area of the jet should not exceed 0.1 the projected 
area of the bucket, or the diameter of the jet should not exceed 
0.3 the width of the bucket.^ If this ratio is exceeded the buckets 
are crowded and the hydraulic friction loss becomes excessive. 
It is evident also thab there must be some relation between size 
of jet and the size of. the wheel. For a given size jet there is no 




In special cases, where a low r.p.m. was desired, diameters as 
large as 35 ft. have been used Avhen the diameter of the jet was 
ordy a few inches. But there is a lower limit for the ratio of 
wheel diameter to jet diameter. Obviously, for instance, the 
wheel could not be as small as the jet. The considerations which 
influence this matter will be further considered in Chapter VII, 
but for the present it will be sufficient to state that a ratio as 
low as 9 may be used without an excessive loss of efficiency.* 
(The nominal diameter is that of a circle tangent to the center 



l'’io. 24. — Polton taugontial water wheel niniior showing interlocking cliain- 
type construction. {Made by Pellon Water Wheel Co.) 

line of the jet.) The more common value, and one which 
involves no sacrifice of efficiency, is 12. From that we get a 
very convenient rule that the diameter of the wheel in feet equals 
the diameter of the jet in inches. The size of jet necessary to 



wheel or to use a larger wheel witn a smgie ^ b' 



Fic, 25. — -TangGnlial wator wUcol unit %Yith clciTccting nozzle. 


means a lower r.p.m. and a higher cost both of the wheel and the 
generator if a direct connected unit is used. In case this addi- 
tional expense is not justified by the increased efficiency of the 

single jet wheel the duplex nozzle would be used. 

The tangential water wheel is almost always set with a hori- 
zontal shaft and, if direct connected to a generator, is overhung 
so that the unit has only two bearings (Fig. 25). It is quite 
common for two wheels to drive a single generator mounted 
“k fVnaTYl in ■which case we have the double-overhung type. 







20. — 5280 h.p. Jot, from in. needle nozzle. Head = 822 ft. .Jot 
velocity = 227.4 ft. per second. 

)f any throttle valve in the pipe lino is wasteful as it desl.roys 
rtion of the available head and thus requires more water to 
sed for a given amount of power than would otherwise be the 
. The ideal mode of governing, so far as economy of water 


27. — Deflecting needle nozzle, drawing by Prof . W. H. Eckart, Jr.) 




nearly the same for all values of discharge. The efficiency of a 
well-constructed needle nozzle is very high, being from 95 to 98 
per cent.^ The needle nozzle is nearly ideal for economy of water 
but may not always permit close speed regulation. If the pipe 
line is not too long, the velocity of flow low, and the changes of 
load small and gradual, the needle nozzle may be very satis- 
factory. In case it is used the penstock is usually provided with 
a s(;andpipe or a surge tank. 

If the pipe line is long, the velocity of flow high, and the changes 
of load severe, dangemus water hammer might be set up if the 
discharge were changed too quickly. It might therefore be 
difficult to secure close speed regulation with the needle nozzle 
as the governors would have to act slowly. The deflecting nozzle, 
shown in Tig. 7, page 8, is much used for such cases. The 
nozzle is made with a ball-and-socket joint so that the entire jet 
can' be deflected below the wheel if necessary. The governor 
sets the nozzle in such a position that just enough water strikes 
the buckets to supply the power demanded. The rest of the 
water passes below the buckets and is wasted. Since there is no 
change in the flow in the pipe line the governor may accomplish 
any degree of speed regulation desired as there is little limit to. 
the rapidity with which the jet may be deflected. Such a nozzle 
is usually provided with a needle also which is regulated by hand. 
Fig. 27 is really of this type. In another type the body of the 
nozzle is stationary and only the tip is moved. The needle 
stem must be equipped with a guide in this moving part and 
also be fitted with a universal joint so that the needle point may 
always remain in the center of the jet. ' The station attendant 
sets the needle from time to time according to the load that he 
expects to carry. However, the device is wasteful of water 
unless carefully watched. If other water rights prevent the flow 
of a stream from being interfered with it may be satisfactory. 

In some modern plants the operator can control the position 
of the needle from the switchboard and by careful attention very 




Ji'ki. i2H. — ModoctiiiK nooille iioz/.lo for 81)01) Ii.p. nOiucd. 

tlio govoi'iior at, oiioo dofloots tho jet tlum prevoiiting any iiiorease 
of speed. Then a sceoiulary relay device slowly closes tlio needle 
nozzle and, as it docs so, the nozzle is gradually brought back to 
its original position where all the water is used upon the wheel. 
Thus close speed regrdation is accomplished with very little 
waste of water. 



Fio. 29. — Needles and nozzle lips. {Courtesy ofPelton Water Wheel Co.) 


The needle nozzle with auxiliary relief shown in Fig. 30 and Fig. 
31 accomplishes the same results as the above. When the needle 


load they are unable to afford any assistance in tlio case of a 
rapid demand for water. The deflecting non/Je alone is the only 
type that is perfect there. 

32. Conditions of Use. — The tangential water wheel is best, 
adapted for high heads and I’clativel}'' small cpiantities of water. 
By that is meant that the choice of the typo of turlnnc is a func- 
tion of the capacitj'’ as well as the head. Tor a given head the 
larger the horsepower, the less reason there i.s for using this 
type of Avhecl. 



' Fig. 30. — Auxiliary relief neccilo iioxzlu. 

{Made byPellon Water Wheel Co.) 

In Switzerland a head as high as 5412 ft. has been used for 
5 wheels of 3000 h.p. each. The jets are 1.5 in. in diameter and 
the wheels, which run at 500 r.p.ni., are 11.5 ft. in diameter. 
There are several installations in this country under heads of 

-T j. niAn iij. '■pi - - -1 -t . 




cupjuLii, uiit: oLuiiu u,b uiiat, oi Liie average reaction turbine. I' rom 
75 to 85 per cent, may reasonably be expected though lower 
V, allies arc often obtained, due to poor design. 



Fig. 31.— Auxiliary relief needle nozzle for use with 10,000 lew. tangential water 
wiieel. {Made hy Pelton Water Wheel Co.) 


34. QUESTIONS AND PROBLEMS 

1. Of what materials are impulse wheel buckets construotod? How are 
they secured to the rim? What is the advantage of "chain type” con- 
struction? What should be the relation between the size of the jet and the 
size of the bucket? 

2. When would two or more jets be used upon a Pelton wheel? What 
is the relation between the diameter of the wheel and the diameter of the 
jet? How may the speed of rotation of a wheel of given diameter be com- 
puted, if the head is known? What fixes the diameter of the jet that is 
to be employed, assuming that it is not limited by any wheel size? 

3. What is meant by single-overhung and double-overhung construction? 

■wriinf 1*0 fTlA + *> TT • J I. . IP. 1 i « 


7. It is (Ic'Hinul to (li:v(I()|) .'J.S8() h.]). with ii lM(oii wlicu;! iiniliM- a lionil 

of UOO ft. AHHumiup; tlu; cid'niioiiciy of (.lu! whocl to b(! 82 per c.cul. and the. 
vclouity HiHdlhjicMit of tiui iioz/dii to Ijo 0.08, wlial, will be thu diiimoU;!' of 
the jet? Wlmt will then h(! a reiwoiialih’ diameter for the. whtM'l and ilH 
probable .s{)ee(l of rotation? An."!, (j in., 0 ft., 845 rev. per min. 

8. How Hinall could the wheel bo niailo in the preemliiiK jirobhun? What 
would then bo its .spei-d of rotation? If ii liigher speed than thi.s is desired 
for thu same hoiwijiower, what eoiiatruetion could be emjjloyed? 

9. A Poitou wheel r\inB at a conutant spee.d undov a head of (125 ft. 'riie 
ci'OHS-.yection area of the jet is 0.200 sq. ft. and the nozzle friction lo.ss is to 
be negleetiid. iSuppo.so a throttle valve in tlio pipe reduces the Inuid at 
the base of the nozzle from (125 ft. to 400 ft. Under these conditions the 
unici(!nny of the wheel (the speed of the wheel no longer being proiier for the 
head) is known to be 50 per emit. P'ind the rate of discharge, power of jet, 
and power output of wheel. 

Ana. 82.08 cu. ft. per second, 1458 h.p., 720 h.p. 

10. A Polton wheel runs at a constant sjiced under a head of (125 ft. 
The cross-suction area of the jet is 0.200 sep ft. and thu nozzle friction loss 
is to bo neglected. Muppo.se the needle of the nozzle is so adjusted as to 
reduoo the area of the jet from 0.200 to 0.0732 sq. ft._ Under these condi- 
tions the olliciency of the wheel is known to bo 70 per cent. Idiid the rato 
of discharge, power of jet, and power output of wlieol. 

Ans, 14.(17 cu. ft. per second, 1041 h.p., 720 h.p. 

11. Compare the water consumed per horsepower output for thu wliccl 

in the preceding two problems. Compute the overall oniciunoy in oaeti 
case using the liead of 025 ft. Ans. 32 per cent., 70 per cent. 



THE REACTION TURBINE 

36. Development. — The primitive type of reaction turbine 
own as Barker’s Mill is shown in Fig. 32. The reaction of the 
s of water from the orifices causes the device to rotate. In 
lor to improve the conditions of flow the arms were then curved 
d it became known in this form as the Scotch turbine. Then 
’00 or more arms were used in order to increase the power, and 
th still further demands for power more arms were added and 
; orifices made somewhat larger until the final result was a 
nplcto wheel. In 1826 a French 
tincer, Fourneyron, placed station- 
r guide vanes mu thin the center to 
eot the water as it flowed into the 
ocl and we then had the outward 
.V turbine. In 1843 the first Four- 
/■ron turbines were built in America. 

Che axial flow turbine commonly 
led the Jonval was also a Euro- 
m design introduced into this 
intry in 1850. 

\.n inward flow turbine was proposed by Poncelot in 1826 but 
first one was actually built by Howd, of New York, in 1838. 
e latter obtained a patent and installed several wheels of crude 
I’kmanship in the New England mills. In 1849 James B. 
mcis designed a turbine under this patent but his wheel was 
superior construction. Furthermore he conducted accurate 
is, published the results, analyzed them, and formulated rules 
turbine runner design. He thus brought this type of wheel 
the attention of the engineering world and hence his name 
ame attached to it. 

Ihe original Francis turbine is shown in Fig. 5, page 4, and 
Fig. 6, page 5, may be seen photographs of a radial inward 




runnor in prcsonir praotioo is to bo soon in 34, Typo I, and in 
Fig. 30. The puTO radial How tuvlduo iw no lougcu' built, but 
since all the modem inwiu'd mixed flow tiirbiiie.s may l)c said to 
have grown oul; of it, they are today (piito gcsnorally known as 
Francis turbines. 



McCorinlcU 1876 
Fig. 33. — Kvolutioii of tl>o inodoni turbiivo. 


The high-speed mixed flow runner, illustrated by the original 
McCormiclc type in Fig. 33, arose as the result of a demand for 
higher speed and power under the low falls first used in this 
country. Higher speed of rotation could be obtained by using 
runners of smaller diameter, but higlicr power required runners 
of larger diameter, so long as the same designs Avero adhered to. 
So in order to increase the capacitj' of a wheel of the same or 
smaller diameter, the design was altered bj’’ maldng the depth 
of the runner greater ii.e., the dimension B, Fig. 34, was in- 







Ficj. ‘3!>. — Lofft’l turbine fur open (lunio. (Made by James Leffi-l and Co.) 


As civilization moved from the valleys, where the low falls were 
found, up into the more mountainous regions, and as means of 
transmitting power were introduced, it became desirable to 
develop higher heads, and in 1890 a demand arose for high- 
head wheels which American biulders were not able to supply. 



turbines lar{>;(!ly by nuiklicnuitical nn;ll 3 ^si,s. At the ineHont 
time tlie best turbiuos in this country are (Icsigued from rational 
theory suppleinouted by oxpciri mental invostigatio]!. 

36. Advantages of Inward Flow Turbine. — Tlio Fournej'-ron 
turbine has a Iiigli eHieicmoy on full load iiud is usoful in sonie cas(!H 
wliero a low 8l)oetl is desired, but it baa Ixarn supplanted by the 
Francis turlnuo for the followin}*; reasons: 

1. The inward How turbine is much more comiiaet, the runner 
can bo cast in one ])ie{!e, and tiic whole construction is bcitter 
mechanically. 



a photograph by Iho author,) 
Fio. 38. — (JdiistruKt.ion of ti built-up runiior. 


2. Siircc the turbine is more compact and smaller, the con- 
struction will be much cheaper. Tlic smaller runner will permit 
of a higher r.p.in. and that means a cheajeer generator can be 
used. 

3. The gates for governing are more accessible and it is easier 
to construct them so as to minimize the losses. Thus the effi- 


and tlic general profile £is illuBtratcd in o''-!:* i> u. 

)lume of water through the highor capacity runners also re- 
airos a larger diainetcr of draft tube, as well as a higher velocity 



(i'VoT/i d photoyTdph by iho aM^/ior.) 
Ficj. 1^9.— Double-dischargo runner. 


,f flow at this section, and in extreme types the flow through the 
■uuner is not merely inward and downward but for those particles 
)f water nearest the band or ring it is inward, downward, and 

^ But the quantity of water which will flow through the runner 
lepends not only upon the area at inlet but also upon the velocity 


<i>„ for different turbines range from !il)o\it 0.55 to about 0.90 
according to tlie design.* If the value of fjj is liiglnn’ than this 
it is probable that the speed is higher than the Ixist speed or 
that the Jiominal diameter for which Ui is computed is larger than 
the real diameter. Values of </>£ may be varied in the do.sign by 
altering certain angles and areas of the runner. 

Since it is desirable, in general, to iiuireiisc! or (loc.rcaso the 
rotative speed and the capacity siiiuiltaiunnisly, tlio custom is 
to so proportion the runners that low values of </;„ are found with 
turbines of Type I, Fig. 3'1, while high values are found with 
those of Type IV. Thus a low-capaeily runner also lias a low 
peripheral speed for a given head, while a high-eapacity runner 
would liavo a higher jreripheral speed, 'rims for a given diameter 
of runner under a given head both power and speed of rotation 
increase from Type I to Type IV. If, on the other hand, the 
power is fixed, the diameter of runner of 'Typo IV would be 
much smaller than that of Type I. Ilcneci the rotative speed of 
the former Avould be higher due to tlic smalhir diameter as well 
as the increased linear velocity. For this reason this type is 
called a high-speed runner, while Type I is a low-speod runner. 
Both capacity and speed are involved in a single factor variously 
known as the specific speed, characteristic speed, unit speed, and 
type characteristic. It is iV, = the derivation of 

which will be given later. (iVe is the speed for highest efficiency.) 
As the capacity and speed increase, this factor increases. Hence 
a “high-speed” turbine is reaUy a high speeilic: speed turbine and 
a “low-speed” turbine is a low specific speed turbine. The 
value of N, is an index of the type of turbine. Values of N, for 
reaction turbines range from 10 to 100, though the latter limit 
is occasionally exceeded. 

The vector diagrams of the velocities at entrance are drawn to 
the same scale in Fig. 34 as if all fom' types were under the same 
head. It may be seen that as- we proceed from Type I to Type 
IV, Uij Qfij and ^ i incieasc, while V, do.fii'rincfia fi.mrln 



Kill. '10. — McUuids of spociryinf; riinncr diaiiii'lcjr. 


'J.’AHLM 1. CoMl'AlllaON OF 12-in. WllOKOfI UNDBK SO-l'T. ITlCAP 


Typo 

Diaelim-go, 
oil. ft. per 
niitmto 

H.p. 

ll.p.m. 

ingential water wheel 

eaction turbines : 

7.9 

0.37 

380 

Type I 

99.0 

4.3 

[4G0 

Type II 

329.0 


554 

Typo III 

741.0 

33.4 

000 

Type IV 

1209.0 

65.6 

730 


Tadle 2. — CoMPAEisoN 01 ' Wheels to Develop 15 H.p. ender 
SO-FT. Head 


Type 

ingontial water wheel 

eaction turbines: 

Type I 

Type 11 

Type III 

Type IV 


Diameter, in. ! 

K.p.in. 

60 1 

55 

21 ^ 

274 

12 

554 

S i 

900 

6 ' 

1460 


It will be seen that the tangential water wheel is a low-speed, 
w-capacity type, while the reaction turbine of Type IV is a high- 
leed, high-capacity runner. This may be contrary to the popu- 





Fig. 



4 1 


-ia,500 li.p, runiiov. 


Ilo.'ltl » 5tt ft., HJK'Pfl 

/. if orris Co.) 


!M r.p.m, {Made by 


comes^ much greater. It be uiulcrsLuoil tliat th(!,se tables do 
no prove one Tpe^of wheel to bo any bettor tliau another but 
mere y siow what may bo olitainod. If tlu; tangential water 
w me or ype o the reaction turbines aiipcar in an unfavorable 
iov them ^ tlio head and horsepower arc not suitable 



majority are cast solid as the construction is more substantial. 
Occasionally a very large runner may bo cast in sections. Built 
up wheels have the vanes shaped from steel plates and the 
crown, hubs, and rings arc cast to them, as shown in Fig. 38. 
The best runners are made of bronze. Cast steel is used for veiy 


Fio. 42. — 10,000 h.p. runner at Keokuk, la. Hoad = 32 ft., speed = 67.7 
r.p.m. {Made by Wdlinan-Scaver-M organ Co.) 







lich may be rotated far enough to shut the water off entirely, 
necessary, as shown by the dotted lines. While this is more 


(Courtesy of AUis-Chalmcrs Co.) 
Fig. 44. — View of guide vanes and shifting ring. 

•cient than the preceding type there is still a certain amount of 
iy loss that cannot be avoided. It is seldom used, 
rhe wiclcet gate, also called the swing gate or the pivoted 
idc vane, is shown in Pig. 45. This is the best type and also 
! most expensive. As the vanes are rotated about their pivots 
! area of the passages through them is altered. The vanes 
,y be closed up so as to shut off the water if necessary. Of 

n mT»r\ilTi+ ny-l /-I 1 



-IfT 




17. — 10,000 h.p. turl)ine at Keokuk, Ta. {Made by Wclbna7i-‘Scavcr^Morga7i 


are shown in Figs. 45, 47, and 48. Often the shifting ring 
links are inside the case, but the better, though more ex- 
ivc. tvne has the worldng parts outside the case. 



arrangod wiLli a tlaHh-pol, jiiocliauiHiii Uia(. il. will wlinvly (;l()Sl^ 

41. Bearings.- — .small vortical shaft tiirliiiics a .sto]) Isiaring 
made of ligiuuii vitiu is used under water, a.s at tlie bottom ol 
the runner in Fig, HH. This wood gives good njsidts for siieli 
service and wears reasonably well. For large.r turbines a thi’iist 
hearing is usually provided to which oilissupidied iimhir i)r(!s.mir(‘. 
Holler bearings are also u.sed with the rolhas running in an oil 
bath, as in Fig. 50. Honietiini!.s rolhws are ijroviiled in the forinor 
typo lint act only when the iiressnre. fails, and again rolhir Ixeu- 


Fio. 48.— Sliiftitif; ring and links on n -wiokot gnto sinriil nnso tiirliintn {Afadt; 
Iml’lxUl Iron IForfc.i C'o.) 


iiigs may .sometimes be sup])lied with oil under pj-e.ssiire bel.woon 
two bearing surfaces in ease the roller.s fail. The fvingsliiu'.A' 
bearing is fitted Avith a number of metal .shoes .so luouutecl ilial. 
their bearing surfaees are not quite level. Thus as they advance 
througlitthe oil bath a wedge-shaped film of oil is foreed in bi'- 
tween these shoes and the other surface. Sueh a hearing is 

nvP!ff>i’n.l'>lv Inp.n.+.pfl n.l; ilm f.nn nf f.lin in nrl.i*/.!. 






{Courlcsy 0/ Pdlon Water Wheel Cod 
Fio. 49.— 'Spirul cuso lurbino with roliof valvo. 



Also a singlo ninucr is offcou iisod wliioli lias a doiihlo (liHoharfi;(!. 
(Sco Fig. 51.) Hiug'Io disciliargo ruiiiuira aro ofl.coi provided will) 
some forjn of autoimilic! liydraiilic. ))aliu)('ing ])isl,oii io (uiualize 
tho lliru.sl;. 



As tlio le.akago of water througli Mic gates, when elosed, may 
be sufficient to keep tlio turljiiio running slowly under no-load, 
large units aro often provided with brakes so they can be stojjped. 

42. Cases. — For low heads turbines may be used in opt'.n 
Humes without cases. Fig. 4, page 3, Fig. 3, page 10, and 
Fig. 35, page 41, arc of this character. Fig. 52 shows such a 
type consisting of four wheels on a horizontal shaft. 

Cases may also be used for very lorv heads and arc alway.s 
used for high heads. The cheapest cases are tlie cylinder cases 
(Fig. 10, page 12), and the globe cases (Fig. 53). These cases 
are uudesii’able becau.se they permit of considerable eddv los.s 




i •' ’H lV>' •• ' ^ 


Fig. 52. — Allis-Chalmers turbine for open flume. 



IFio. 53. — -Turbiuo in globe case. {Made hy Jaiucs Lcffcl and Co.) 

around to enter the further part of the circumference. Thus the 
average velocity throughout the case is kept the sanie. The 
case is also designed to accelerate the water somewhat as it 
leaves the penstock and flows to the guides. 

Globe and spiral cases for low heads are made of cast iron. For 
higher heads they are made of cast steel as in Fig. 56. Cylinder 
cases (Fig. 10, page 12), are usually made of riveted sheet steel. 


tnc giiuics, Dccause only a Jimitcti porr.ion oi iiio warcr nows croar 


l-EFT HAND 


Fia. 64. — Cone ease turbine. 


)sts upon the **speed ring.” The litttei’ consists of an upper and 
lower flange, as shotyn, which are joined together by vanes so 
lanerl n.s to conform to the free stream lines of the water flowing 




f 


5G. — Cast stcol spiral casinRs at Niagara Falls. 14,on( 
{Afada by W6lh}i(i>ji~SeciveT-j[forgOt7i Co.) 



Rcuon'alilo 
OlBtrlbutor I’lates 


Spiral Casing 





For tlio first purpose alone the tube might be made (jf a uni- 
form eross-seetiou, but in praetiee it is always ma(l(3 diverging 
so as to accomplish the second object as well. In fact, evcm if 
l.hc runner should be set below the tail-water level, a di-aft tube 
would bo of value for the second purpose. This was proven 
many years ago rvlien Francis tested an outward-llow turbine 
with a "dilTuser'’ suri'ounding the runner and found that the 


(Courtesy of AUi«-Chalmcra Co.) 
lOu. 59. — Speed riuij. 


latter improved the efficiency by 3 per cent. As has been pointed 
out in Art. 37, the higher the capacity of a runner of given 

T • I . » 1 _ I. I 1 _ 1 * • 1 f» j 1 . - - 



the following ways. First, the totiil power available is that duo 
to tho fall from head-water level to tiul-waler level. The power 
of the turbine is less than this by an amount equal to that lost 
in tho intake, ]ienstoek, and draft tube. Anything which re- 
duces the loss oulside tlu; turbine adds just that much more to 


{Courlesu of AllU-Chalmcn Mfg. Co.) 

Fig. 60. — Turbine for Niagara Falls Power Co., 37,500 h.p., 214 ft. head, 150 

r.p.m. 








I'lu. 1)1. — Piafl. Uibo with quarter turn. 

The tube .should preferably be straight but where the setting 
does not permit of enough room for this without excessive cost 
of excavation the tube is often turned so as to discharge hori- 
zontally as in Fig. 61. If the tube is large in diameter it may be 
necessary to make the horizontal portion of some other section 
than circular as in Fig. 62, in order that the vertical dimension 
may not be too great. A good form of section to use is oval. 



X, lorm ^nau is tneoreticaiiy good is trumpet shaped, 
ewhat as in Fig. 60, so that the velocity of the water may be 
le to decrease uniformly along the length of the tube. In 
event the draft tube should be so made as to secure a gradual 
iction of velocity from the runner to. the mouth. 


{Courtesy of W€llman-Seaver•^f organ Co.) 

Fig. G2. — Mouth of draft tube at Cedar Rapids. 

he most recent innovation in draft tube construction is shown 
igs. 60 and 63. At the lower end of a comparatively short 
b tube is a conoidal portion through which the- water passes 
before impinging on a circular plate which is concentric 
the tube. The water tui'ns and flows out along this plate 
nd its entire circumference through an annular opening 
a collecting chamber and from thence through a horizontal 
rging tube to the tail race. As the water flows through 
conoidal portion of the tube and’ impinges on the plate, its 


somewhat like tlio spimi ease, so proportioncci wmt tne wiucr is 
contmiiously decelerated througliout the How. 

Bearing in mind tliat one function of the draft tnlio is to 
efficiently convert velocity head into prossurc liead, we see tlie 



Fig. os, — Draft lube wilU liydraucono. 


limitations of the ordinary construction. In order to secure the 
diffusion desired, the length of the tube may be such that the 
expense of excavation is prohibitive and hence the tube is turned 
from vertical to horizontal with a bend of short radius. But such 
a bend inevitably induces eddy losses which interfere with the 
efficient performance of the tube. Furthermore velocity head 
cannot usually be converted into pressure head without a great 
deal of loss unless the flow of the water be smooth. Since the 
discharge from a turbine runner is usually quite turbulent, this 
alone would limit the value of a draft tube, even if it were 
straight. If the device just described is properly proportioned, 


high-capacity type of runner is the inability of the draft tube to 
recover the kinetic energy of the water leaving the runner, 
especially in view of the fact that with this type the water leaves 
with some considerable “whirl.” This new development may 



Fio. 64. — Velocity and onorgy trnnsfornmUons in turbino. 


make it po.ssible to extend the present limits of turbine runner 
design. 

44. Velocities. — The velocities at different points arc indicated 
by Fig. 04.*^ The velocity of flow in the penstock is determined 
by the consideration of the cost and other conditions in each 
case. The mean velocity of flow allowable in the turbine cash 
is as follows : 

If the case is cylindrical the velocity should be as low as 0.08 
to 0.12\/2gh where h is the effective head. If a spiral case is 
used the velocity may be from 0.15 to 0.24:'\/2gh. For heads of 
several hundred feet the value of 0.15 is used to reduce wear on 
the case, 0.20 is used for moderate heads, and 0.24 is used for 
low heads. 

The velocity at entrance to the turbine runner, Vi = 0.6 to 

1 The Journal of the Associaiion of Engineering Societies, vol. 27, p. 30. 

* Mead’s “Water Power Engineering.” 



of diseliargo from the lower end of the draft tube may bo about 
0.10 to 0.15-\/2f//i. The value of the latter is determined l)y the 
value of the velocity at the upper oiul and l.ij'- the longlh and 
the amount of flare to be given the tube. 

46. Conditions of Use. — The reaction turbine is best adapted 
for a low head or a relatively large qu.antity of watcu". An was 
stated in Art 32, the choieo of a turbine is a function of capacity 
as well as head. For a given head the larger the liorse-pow(!r 
the more reason there will be tor \ising a reaction tmiriiu;. 

The use of a reaction turbine under high heads is accompanied 
by certain difficulties. It is n<!C(ffi.saiy to ))uild a case which is 
strong enough to stand the pres.suro; also tho case, guickis, and 
runner may bo worn out in a short time Iry the wat(;r moving at 
high velocities. This depends very much upon the quality of the 
water. Thus a case is on record wlicro a wluiel has been operating 
for six years under a head of 260 ft. \\'ith clear water and the t\:r- 
bine is still in excellent condition. Another turbine made l.)y tho 
same company and according to the same design was operated 
under a head of 160 ft. with dirty water. In four years it was 
completely worn out and was replaced with an impulse wheel. 
Tho tangential water wheel has the advantage that the relative 
velocity of flow over its buckets is less for tlie same head and thus 
the -wear is less. Also repairs can be more readily made. 

The runners of reaction turbines and the buckets of impulse 
wheels will not last long if their design is imperfect. This is due 
to the fact that wdierever there is an eddy or wherever there is a 
point of extremely low pressure, the air that is in solution in the 
water will always tend to be liberated at that point. And as 
water tends to absorb more oxygen in proportion to nitrogen 
than is in the air, the result is that the liberated mixture is rich 
in oxygen and hence readily attacks and pits the metal. Fig. 
6, page 5, shows a turbine runner that has had holes eaten in 
it because of this reason. Thus a defective design not only 
nroduces a runner of lower efficicnev because of the eddv losses 



;ration of rocaction turbines at part gate for long periods of 
le must inevitably shorten the life of the runner. 


Fig. 05. — 22,500 li.p. turbino for Pacific Coii-st Pnivor Co. 

(.Afadc by Allis-Clialmcrs Mfg. Co.) 

Eleaction turbines arc used under very low heads in some 
tances. The lowe.st head on record is 16 in. but several feet 
the usual minimum. The highest head yet employed for a 
.ction turbine is 800 ft. The latter is used for two 22,500 



iinci iH lor rao iNuigara luiiiK rower uo. 

There are at prosieut quite a miinbor of turbinca in oiieration 
whose power ranges from 20,000 to 30,000 h.p. 

Tiio power of a turbine doponds not onlj'^ upon its size but also 
upon the iicad under whieh it operates. The turbines aliove ar<! 
the most powerful, but they are not the largest in point of sixo. 
The largest turhincs so far arc the 10,800 h.p. turbines of the 
Cedars Bajiids (Canada) Mfg. and Power Co., wliicli run at 
50. C r.p.m. under a head of 30 ft. The rated diameter is 143 in., 
but the maximum diameter (sec Pig. 40) is 17 ft. 8 in. The; 
mniKir weighs 100,000 lb., the revolving part of the generator 
and the shaft, 390,000 lln, while the suspension bearing weighs 
300,000 lb. Tlie total woiglit of tlic entire unit is 1,015,000 lb. 

The largest runners in this country are those of the Missi.ssippi 
River Power Co. at Keokuk, la. They develop 10,000 h.p. 
at 57.7 r.p.m. under a head of 32 ft. They are slightly smaller 
than those at Cedars Rapids. (See Pigs. 42 and 47.) The I. P. 
Morris Co. built ciglit of these wheels and the Wellman-Scavor- 
Morgan Co. seven. These two concerns likewise built the 
Cedars Rapids turbines. 

46. Efficiency. — The efficiency obtained from the average 
reaction turbine may be from 80 to 85 per cent. Under favorable 
conditions with large capacities higher efficiencies up to about 90 
per cent, or more may be realized. Per small powers or un- 
favorable conditions 75 per cent, is all that should be expected. 


4T. QUESTIONS 

1. What was tho origia ot the Fourncyron turbine? What is the Jonval 
turbine? What was the origin of the Francis turbine? 

2. What is the Swain turbine? What is tho McCormick turbine? Wliy 
were they developed? Wiiat is tho modern Francis turbine? WHiy is this 
name attached to all inward flow turbines at present? 

3. Sketch tho profiles of different types of modern turbine runners and 
explain .why they are so built. 

4. Whv has tho inward flow turbine sunoraeded tire nntwHiTl flnw +.nrhinR? 



What cliissoB of riinncr.s arc tlicre? 

9. Wliat arc the different kinds of Rates used for govcrjiing rcnclioii tur- 
bines, and what arc their relative merits? 

10. Wliat means are in-ovided to save tlio iienstoek from water hamnun-, 
when the gates of a reaction Inrhiiu: are (jniekly closed? Ifow are the gates 
of a turljiiu) oiicrattul ? 

11. What kinds of hearings arc u,sed for horizontal shaft turhines? For 
vortical shaft turhines? What means may be provided to take care of end 
thrust in either type? 

12. What types of eases are used for turbines? What arc the cheapest 
forms and what are the best? Wliat arc speed rings? 

13. Wiiat is the purpose of a draft tube and Jiow are they constructed? 

14. What different factors may cause a turbine runner to wear out? 
Under what range of heads are reaction turbines now used? 

IG. Wliat horsepower is developed by the most powerful turbine? 
What is the largest in point of size? Why is not the largest one also the 
most powerful? Wliat efficiencies should bo expected from reaction 
turbines? 



TURBINE GOVERNORS 


48. General Principles. — All govcrnovs deijoud primiu ily upon 
fchc !ictio]i of rotating weiglits. Thus tlio governor head in h’ig. G(i 
is rotated by some form of drive so that its speed is dir(!(it]y 
proportional to that of the inaeliino wlii(!li it nignlates. Tlio 
higher the spe.ed of rotation, tlic farther the balls stand from 
the axis, and the liigher 'will the collar bo raised on the vw’tie.al 
spindle. Tlio collar in turn transmits motion to some clement 
of the mechanism which elTeets the speed regulaldon. 

Let TF be the weight of each ball, 2KW that of the center 
weight, h the height of the “cone” in inches, x the ralfo of the 



velocity of the collar to the vertical velocity of the balls, and N 
the revolutions per minute of the governor head. Also let the 
force which opposes the motion of the collar, dno to the friction 
of the moving parts of the governor mechanism actuated by it, 
be denoted by 2/TI^. Then the following equation may be found 
to hold : 

iVVi = 35,200 [1 + x{K ± /)]. 

Considering the riglit hand member of the above as constant for 
the moment, it mav be seen that for everv value nf Ir there must 



AN and N be interpreted as the average speed, tlie coefficient of 
speed regulation is AN/N. This coefficient may be reduced to a 
very small value by careful design of the governor. The essen- 
tials of a good governor are: 

1. Close regulation or a small value of AN/N. 

2. Quickness of regulation. 

3. Stability or lack of hunting. 

4. Power to move parts or to resist disturbing forces. 
To some extent certain of these requirements conflict with others 



Kio. (17. 

so that the final design is something of a compromise. Close 
regulation may be obtained by so proportioning the arms that 
a; is a variable in such a way as to permit h to change but little 
for the different collar positions. Stability and power may be 
secured by making the center weight, 2KW, sufficiently heavy. 
This weight is often replaced by a sprmg, which exerts an 
equivalent force. The importance of a large value of K is seen 
when we consider its relation to the friction. The latter changes 
sign according to the direction of motion, and may also change 

’■ A constant speed or asynchronous governor could bo constructed by so 
arranging it that h remained constant as the balls changed their position, 
but such a governor would lack stability as it might be in equilibrium with 
the collar in any position for a given speed. Then for a slight change in 
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oi' rcfUition tuji)in(\s rcuiiiircis a coiisifloroblc foi'co to bo (!X(;rt(!<l. 
The governor luiud could not do this direell}'' without Isdug of 
lircdiibitivo size and luuic.o it does Jiothing more tlian set soinc; 
reliiy device into action, the latter furnishing tlie power to 
oporabi the regulating nieehanimn. 

49. Types of Governors. — There are two fundaniontal types of 
water wheel governors; 

(«) Mruihanieal governors. 

(b) ITydraulie goveriions. 

With tlie first type; tlio governor head causes some form of 
cluteli to he engag(!d ho tiuit the gates are opei'ated by tlie powcu- 
of tlu) turbiiKi itHelf. Thi.s is the lo.'ist cxp(;nsivo ))ut has the 
di.sgdvantnge tliat tlui openition of the gates adds just that nnndi 
more to a demanded load. The second type of governor eaxsts 
itioro but is always u.sod in the best plants. Idic governor head 
in this case inoroly operates a pilot valve which admits a liquid 
under pressure to one sido or the other of a piston in a cylimhu'. 
This piston and eylindor is known as the servo-motor and 
op('.rates the gates. 

The liquid used to operate tlic servo-motor is stored under air 
pressure in a tank into which it is pumped. Tire power for 
operating the gates also comes fi’oin the turbine in this instairco 
but it is spread over the entire period of operation instead of 
being concentrated just when the load is changing. Oil is 
commonly used as the working fluid and is very satisfactory 
except for its cost. Some effort, which is meeting with succcs.s, 
is being made to produce emulsions consisting principally of 
water but which will bo similar to oil in its action. If water 
alone is used, it should be carefully filtered and circulated over 
and over again. Occasionally water has been used under pen- 
stock pressure and, of course direct from the penstock, but the 
grit and sediment in it is very bad for the operating parts of 
tho governor. 
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cumstances and would thus move far beyond the proper 
int. Finally when tlie hydraulic conditions would readjust 
Jinselves the governor would then be compelled to move back, 
t would this time pass to the other side of the proper place, 
lus the governor would continually “hunt” and maintain a 
istant oscillation of flow in the pipe line. 
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Fio. 68. — Compensated doatiiig lever governor. 


Fo prevent such action a waterwheel governor is usually 
ompensated” so that it will slowly approach its proper place 
d practically remain there. Such a governor is also said to be 
ead beat.” In Fig. 68 may be seen the essential features of 
3 floating-lever compensated governor. If, for example, the 
leel speed increases, the balls of the governor raise the collar, 
to which is attached the floating lever. The latter for the 
)ment pivots about A and through the link at B raises the relay 



rod at rJ, is ro tawHl about so tlic arm U is loworod. .l.his pulls 
clown tho pivot A, whioli eausos U to be lowered, tluis closing the 
relay valve ports and stopping the motion. Thus the governor 
is prevented from ovcu'-travelling. Of eourso, if the gates have 
not been moved far enough, tliis action can be nspeated. 

Tho dash pot, II, will not cause the pivot A to bo movcal unless 
the governor acts qnieldy. If the governor changes slowly, 
there is little need for the compensating action and lienee tho 
dash pot does not then transmit the motion. But there is a 


(.Courtesy of AUia-Chalmora Mfg. Co.) 

Fio. 09. — Hydraulic turbine governor. 

second rod from G which is connected with the other vertical rod 
by springs at M. This will serve to stop the motion in such a 
case though it docs not move A .as much, since it has a shorter 
radius arm. 

For a given speed of the governor head, and hence for a given 
Dosition of the collar C. moviiiir A will tend to shift the relav 





can bo altcvod by changing the radius of the connection at G. 
Considering B as fixed (as it must be if the inlay valve is closed in 
both cases) it is evident that changing the amount of travel of 
A will change tire amount of travel of the collar C. Eemember- 
ing that different positions of collar C correspond to definite 
values of N, it is clear that changing the amount of travel of the 
collar C from no-load to full-load will vary the speed regulation. 

Other adjustments that can be made to secure the proper 
degree of sensitiveness for the hydraulic co:iditions are to vaiy 
the springs at M and to change the speed of the dash pot. 

One of the recent changes in governor construction for vertical 
type turbines is to mount the rotating weight on the turbine shaft 
itself. This eliminates any lost motion between the turbine and 
governor head. 

61. QUESTIONS 

1. With the usual type of governor, why must the speed vary to a sliglit 
extent from no-load to full-load? Which way does the speed change as 
the load increases? Wliy? 

2. What qualification are essential in a good governor and how may 
they be obtained? What is the effect of friction on the operation of the 
governor? 

3. Why is the speed range for a decreasing load different from that for 
an increasing load? IVliat is the purpose of tlio center weiglrt or the spring 
loading in governors? 

4. What is a relay governor? Why is it necessary for water wheels? 
How is it operated? 

6. What are the relative merits of different types of relay governors? 
What are the relative merits of the fluids used in hydraulic governors? 

6. What is the compensated governor? Why is it necessary? Describe 
the action of one? 

7. Describe the adjustments that can be made on a floating lever governor. 



62. Equation of Continuity. — In a strojun with .steady How 
(conditioiis at any point ruinainiiip; oon.staut witli respect to 
time) tlie equation of continuity may be applied. This is tliat 
the rate of dischai'ge is the same for all oro.ss-aectioiis so that 
q = AV = av = constant, and in i)articular 

g = yliFi = aiVs, = aith (1) 

53. Relation between Absolute and Relative Velocities. — The 
.absolute velocity of a body is its velocity relative to the (larth. 
The relative velocity of a body is its v(!locity relative to sojne 
other body which may itself he in motion relative to the earth. 
The absolute velocity of the first body is the vector sum of its 
velocity relative to the second body and the velocity of the second 
body. The relation l)(vtwcen the tliree velocitic.s u, v, V is shown 



t’ac 70. — Uolalion bolwccii roliilivc Riiil vclooil.ios. 


by the vector triangles in Fig. 70. The tangential component of 
Vis 

= y CO.S a = M + 2) cos iff (2) 

64. The General Equation of Energy. — Energy may bo trans- 
mitted across a section of a flowing stream in any or all of the 
tliree forms known as potential energy, kinetic energy, or pressure 
energy.^ Since head is the amount of energy per unit weight 
of water, the total head at any section 


// = 2 


y ^ V 

2(j lu 


‘ L. M. Hoskins, “Hydraulics,” Cliaptor IV. 

80 


( 3 ) 



energy to the vanes in the form of mechanical work and a portion 
of the energy is lost in liydraulic friction and is dissipated in the 
form of heat. Thus tlie head lost by the water equals h" h'. 
And if suffixes (1) and (2) are restricted to the jroints of 
entrance to and discliargc from the runner, equation (4) may 
be written 


(- + S’ + + S’ + 


■Vh' 


(r.) 


2g ’ w 

66. Effective Head on Wheel. — Obviously the turbine should 
not be charged up witli head which is lost in the pipe line, so tlic 



Fio. 71. — ^Effootivo head for tangential wator wheel. 


value of h should be the total fall available minus the penstock 
losses. Thus if Z is total fall available from head water to tail 
water, II' the head lost in the penstock or other places outside 
the water wheel, and h the net head actually supplied the turbine, 
we have 

h = Z - H' (6) 


The head supplied to the impulse wheel in Fig. 71 is the head 
measured at the base of the nozzle. Thus for the tangential 
water wheel 


h = Ho 



2(7 


(7) 


The reaction turbine, shown in Pig. 72, is able to use the 
total fall 'to the tail-water level by virtue of its employment of 


;h the total amount of tlio enoi'gy supplied to it. The kinetic 
u'gy of the water at discliai'go from the mouth of tlic draft tube 
s a loss for which tlic runner and draft tube may be said to bo 
ponsible ii\ part, though some loss there is inevitable, but the 
ublo is that the sotting of the turbine, over which the turbines 
ildcr has little cojitrol, limits the deisign of the draft tube and 



yui. 72. — KffGOtivo lioiul for reaction turbine. 


ace the maiuifaoturor may not be able to reduce this discharge 
s to a desired value. Two similar runners installed under 
Tcrcnt settings might yield different elRcicncies because of this, 
lusequcntly turbine builders desire some method which will 
ikc the measured efficiency of a runner independent of the 
riclitions of the setting over which their designers have no 
atrol. This second method is to charge up the turbine with all 
;ses witliin the draft tube but to credit it with the velocity 
ad at the point of discharge. Thus 


h = He - He = Za + 


Po , JV 
w 2g 


2g 


( 9 ) 


It is believed that equation (8) is rational and scientifically 
rrect, but that equation (9) may be commercially more de- 
able.'- In general the actual numerical difference between 
3 values of h computed by these two methods will bo small. 


In this expression H may be interpreted as in (3) or it may be 
replaced by h” or any otbci' head according to what is wanted. 

But also power equals force applied times the velocity of the 
point of application. Thus 

Power = Fu = pounds X feet per second (11) 

where F represents the total force applied. 

n 

Torque, T, equals F X r and angular velocity ^ — j. 

Since then Fu = Tco it is evident that 

Power = To — foot pounds per second (12) 

Any of these three expressions for power may be used according 
to circumstances. While (11) is the most obvious to mairy, it 
will be found that in hydraulics (10) is usually more convenient. 

(The following simplifications for horsepower of a turbine are 
convenient. Using the h of Art. 55, 

B.h.p. = 62.5 qhe/boO = qke/8.8. 

For estimations, the value of the efficiency may be assumed as 
0.80 in which case our expression becomes h.p. = qh/11. 

The word “efficiency” is always understood to mean total 
efficiency. It is the ratio of the developed or brake power to 
the power delivered in the water to the turbine based on the 
head h of Art. 55. 


Reaction Turbine,” by K. L. Daugherty, 2’rans. Am. Soo. of C. E., vol. 78, 
p. 1270.(1915). 

It may be noted that it might be desirable under some circumstances to 
eliminate the draft tube losses altogether and compute the cfTioicnoy of the 
runner alone. This would necessitate the measurement of the head at D 
in order to take the difference between it and the liead at C. The practical 
difficulty here is that, due to the turbulent and often rotary motion of the 
water at this point, it is impossible to measure the pressure rvith any degree 
of accuracy. Likewise the velocity head cannot be computed, since the actual 
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Vohnnotrio oflicicncy is the I'titio of tho water aetiially passii 
through the niniior to that H\ipplied. Tho diffcireneo Iretwei 
these two quantities is the leakage through tho (doaranoo space 
The total ofrtcieney is tho product of those threio. Tlius 

0^ = Out C/( X C y , 



67. Force Exerted. — Whenever the velocity of a stream 
water is changed either in direction or in magnitude, a force 
required. By the law of action and reaction an equal ai 
opposite force is exerted by the water upon the body produci: 
this change. This is called a dynamic force. 

Let R be the resultant force exerted by any body upon t 
water and ff® and Ry be its components parallel to x and y ax( 
Also let us here consider a as the angle made by V with the 
axis. The force exerted by the water upon the body will 
denoted by F. Its value may be found in either of the two wa 
shown below. The first depends upon the principle that t 
resultant of all the external forces acting on a body is equal 

dV 

the mass times the acceleration or R = in ,■ The second 

dt 

liRRpfl iTnnn f.liR nrinninlp f.lm.f. BpQiilfp.nf. nf nil f.hn fivf.nrr 


in iiJi inUirviil of tiiiio ilt tlicn-o will Ilnw i):ist nny st:(;l,ion ilm inass 
{<hn/dl) (U, wlii(‘li will lx; the iinioiiiit coiinidcred. Thus 
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Onv discussion will bo rostric.l.CMl to tin; ciiso wluu'o tin; How is 
stoudy in wliicdi ease (bii./dl is oonstant and oqnal to W/a. '.riuii’o- 
for(!, sinct! [tlV/(lL)(ll = dV, 

(IN " dl'-. 


The Hinninatio]! of all siuih forexis alouf; tin; vano shown will give; 
the total foixxn But, sinc.o intcgratio]i is an algebraic and not a 
vcctoi’ .summation and in gonoral those various oloniontary forces 
will not bo i)arallel, it i.s naaofisary to talco comjxmont.s alojig any 
axos. 'Phus 
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Now at point (1) tho value of is Vi cos ai and at (2) it i.s Ya 
cos as- Inserting these limits and noting from Fig. 72 that 
V 2 cos as ~ V I cos ai = AFx, we have 


Rx 


W 

0 


{Vs cos as 


Vi cos «j) 


IF 

U 




(6) Force Efjuals Time Rate of Change of Momeniv.m. — Consider 
the filament of a stream in Fig. 74 which is between two cross- 
sections M and N at tho beginning of a time interval dt, and 
between the ci'oss-scctions M' and N' at the end of the intcrr^al. 
Denote l.iy dsi and dss the distances moved by particles at M 
and N respectively. Let Ai bo the cross-section area at M, 
Vx the velocity of the particles, and ax the angle between the 
direction of Vx and any convenient .'caxis. Lot the same letters 
with subscript (2) apply at N. 
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tncutiim ()!' the part Ixvtweon N and A''' and tliat of the; part 
wcou M and M'. NotiiiK that tuAidsi = luA^dni, siiioo tho 
r is steady, tlio oliange in tlic x coinponorit oJ" tho nKnnontuin 
Ing dt is then 

wAidiii ,,, , 

(, r 2 ons «2 ~ V I cos «)). 



;he rate of flow be denoted by W (lb. per sec.), then 
wAidsi = TKdf 

;1 the time rate of change of the a; component of the momentum 


W 

U 


{V2 cos a2 — Yi cos ai). 


us the X component of the resultant force is 

W W 

Rx = ^- {V2 cos as - Fi cos aj) = -- A 7 a:. 


rhis method has the advantage that it may be extended to 
) case where the flow is unsteady, if desired. In this event 
! two masses at tlic ends would be uncciual and the momentum 
the portion from M' lo N would be variable. In the case 
a series of vanes on a rotating wheel miming at a uniform 

mini* f.V»rk iY^nrnr»nt.mn nF wnf.m* 
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tliocl in [ 0 ) shows that tlic total lorce is independent ol the 
rh and depends solely upon the initial and terminal conditions. 
Since the force exerted by the water upon the object is equal 
1 oppo.sitc to E, we have 


W W 

Fx = - (Fi cos ai — Fa cos o-a) = — ^ AF* 


(13) 


a similar manner the y component of F will be 


Fy = 


IF 


(Fi sin ai 


IF 


Fa sin aa) = — AVy 
(J 


(14.) 


ce F = \/fF- + Fy^ and AF = VaF*''* + AF„^ 
value of the resultant force is 


IF 

F = il AF 
U 


(15) 


j direction of li will be the same as that of AF and the direction 
^ will be opposite to it. It is because F and A F are in opposite 
lotions that the minus sign appears 


the last members of equations (13) ^ 
[ (14). Note that AF is the vector 



Fin. 


'erence between Vt and Fa. 

8. Force upon Moving Object.- — 

3 force exerted by a stream upon 
• object may be computed by the 
ations of the preceding article, 
ither the object is stationaiy or mov- 
The principal difference is that in 
latter case the determination of AF may be more difficult, 
is in Fig. 75 assume the initial velocity of the stream' Fi, 
velocity of the object Ui, the angle between them ai, and 
shape of the object to be given. The relative velocity Ui 
be determined by the vector triangle. Its direction is also 
irmined by this triangle and is not necessarily the same as 
t of the vane or object struck by the -water. But the diree- 
^ of the relative velocity of the water leaving is determined 


.1. I lull IVilU vv IJ I jiy liuu lll^V.\^»30CUl lij UVJLllHil V%/1 

ever, tlic magnitude! and direction of Fz can bo comimtod from 
the vector triangle. Tlie A 7 desired is the vector diiferonco be- 
tween V 1 and this 7 z. 

In case the stream is coulined so that its cro.ss-scetion is 
known, the magnitude! of 82 may bo computed directly from the 
equation of continuity. 

The remaining difficulty is tlie oJie of determining the amount 
of water acting upon tlie liody per unit time. The rate of dis- 
charge in the stream flowing upon the objeet is Ai7i so that 
W = ruAi7i. But this may not ho the amount of water striking 
the object per second. For iiistauco if the object is moving in 



Fig. 70. — Viow ehowing action of jot on sovonil buckets. 


the same direction as the water and with the same velocity, it 
is clear that none of the -water will strike it. The amount of 
water which will flow over any object is proportional to the 
velocity of the water relative to the object itself. If we denote 
by 17' the pounds of water striking the moving object per second, 
and by Oi the cross-section area normal to vi, then W' = waiVi. 

If we consider a wheel with a number of vanes acted upon by 


wn.fpi* f.liri o.lmvo 1C f.Tnia frii* r»n/a irono m-il-ir 




n 


vyrjii eirt'M 


luiiiaiuo i;uiXdUc<(iiu. J.i uiltJ Va»Uc 

! Water thaI^ is discharged from the nozzle in any giveii 
t M’val and yet the wheel as a whole uses the entire amount 
, it means that the water must be acting upon more than 
let it at the same insta?rt. Tliis is shown in Fig. 76. 
orque Exerted. — When a stream flows through a turbine 
n sucli a way that its distance from the axis of rotatioir 
unchanged, the dynamic force can be computed from the 
of Art. 57. But when the radius to the stream varies, 
feasible to compute a single resultant force. And, if it 
would then be necessary to determine the location of its 
jietion in order to compute the torque exerted by it. 
find the total torque directly by other means. 



clamental proposition of mechanics is that the time rate of 
of the angular momeirtum (moment of momentum) of 
tom of particles Math respect to any axis is equal to the 
>f the resultant external force on the system wdth respect 
rime axis. '■ 

g. 77 let MN represent a vane of a wheel which may 
,bout an axis 0 perpendicular to the plane of the paper. 

i-r»+.Pra +.l^Ck wliofil Q+. A/f onri cinpp +.Ko wTaAol la it» rva/-k+ir»n 


Only the tangential component ol the velocity will apiiear in a 
moment equation, lienee the angular momentum of this cylinder 
of water will be mass X radius X tangential velocity or {dm/dt) 
dt ye. r X V cos a, and the time I'ate of change of momentum, 
which is equal to torque, will bo 

(dvi d{r V cos «) idm\ , , „ . 

In the ease of steady How {dm/dt) is constant and equal to W/(j 
and 

r = £d(rVcosa). 

Integrating between limits wo have the value of the torque 
exerted by the wheel upon the water, or by changing signs, the 
value of the torque T exerted by the water upon the wheel. 
Thus 

W 

T = — cos ai — nVi cos ai) (16) 

Representing the tangential component of the velocity of the 
water, often called the “velocity of whirl,” by F,,, since it is in 
the dirootion of u, we have 

T = (r,F.a - r^F,,^ (17) 

It is immaterial in the application of this formula whether the 
water flows radially inward, as ijr Fig. 76, radiall}'- outward, or 
remairrs at a constant distance from the axis. In any event ?’i 
is the radius at entj ance and r 2 is tliat at exit. 

A shorter method of proving the above is analogous to method 
(6) of Art. 57. During an interval of time dt the wheel has 
received angular momentum at M of dmriVi cos ai and given 
up angular momentum at N' of dmriVi cos aa, assuming the 
flow to be steady. And, since dm — {/\V/y)dt for steady flow, 
the tune rate of change of angular momentum is {W /(j){rxVi. cos 


' JM) • ‘2 'I-*' I o, JtllMU^ (jUU JllUiUiWllS U1 I/IIUSU l-WO 

-iijj;(!iiLi!il fdrccs, \\v. ^^(‘1. (‘(Hiiiiion (IG) at once;. 

60. Power and Head Delivered to Runner. — If the flow is 
(‘!i(ly and tin! siicnd of the. wlicol iniifonn, an oxprewsion for the 
)W(U' (li)vc.]oj)(‘d by l.lin walor is readily o])tiU]ied, Prom Art. 56 

P()W(ir ■= II7i/' Tio. 


siiiK l,h(! value, of T fflvmi by (Hi) and notiiifj; tliat rw == u, 

11 ' 

Power-' H7i" - (»i I'l e<>9 — 7t2P2 cos uj) (18) 

This is tli(! powesr aetu.ally de.vcdoped on the nmnor by the 
!it(!r. Tt is .'UKLlojrous to tlu! iiidieated power of a steam engine. 
li(! pow(!r output of the turbiiu; is l(!sa than this by an amount 
pial to the frietion of tlui bearings and other nuichanical losses, 
Kih as windag(! or tlu! disk frietion of a runner in water in the 
tuiraneo s])aeeH. 

lOliininating tiu; lb fi'om the (Mpiation above we have the head 
ituully utilizcid by the runner. 'J’lms 

h" = eiji - (?^ll•',u - M2P«2) (19) 


s just H(’en, the hydraulie eflieitmcy i.s equal to h"/h. The net 
iad Ii supidicid to the turbine i.s u.scd up in the following way.s: 

P.,2 F.,2 

h" + k V +’'^ 9 + fc" 9 

2(1 2(1 2rj 


h 


(20) 


f the.se items h” is the; head convertcal into meehanical work, the 
eond term n'.prescnts the e.nergy dissipated in the foim of heat 
le to intmuial friction and eddy losses within the runner, the 
ird term is the kinetic energy lost at discharge, and the fourth 
rm rei)rosents the loss in the nozulc of a Pelton wheel or the 
,so and guides of a rcaiction turbine. The factor m in the 
)ovc may be unity in the case of an impulse wheel or a reaction 
.rbino without a diverging or proper draft tube. Por a reac- 
3n tvirbino with an cflic-ient draft tube it will be less than unity. 


The substitution of these values gives us 



This equation serves to establish a relation between pc 
(1) and (2). If the wheel is at rest Ui and become zero, Vi 
Wi become absolute velocities and equation (21) becomes the e^ 
tion of energy in its usual form as in (4) . 

62. Impulse Turbine. — The following numerical solutic 
given to illustrate the application ol the foregoing princi 
This impulse turbine is of the outward flow type known as 

Abnoluto PahU 
of Wutor 


Kxit 

Fia, 78. — Outward flow turbine. 

Girard turbine. Obviously the direction of flow makes nc 
ference in the theory. 

By construction, ai = 18°, 02 = 165°, n = 2.0 ft., ra = 2 
The hydraulic friction loss in flow through the runner wi 
taken as proportional to the square of the relative velocity so 

h' = k where k is an empirical constant. Assume k = 

Suppose h = 350 ft., N = 260 r.p.m., q = 100 cu. ft. per sec 
Find relative velocity at entrance to runner, relative vel 
and magnitude and direction of absolute velocity at exit 
runner, head utilized by wheel, hydraulic efficiency, losses, 
the horsepower. (See Fig. 77.) 




it Js an impulse turbine the pressure tliroughout tlic runner will 
bo atrnosplicrie. Thus pi = p^. 

Equation (21) then bceoraes 

(1 + k)i)i — Wj* + U'/ — Ui^ 

1.4 = n'llO + 4624 - 2000 = 11,574 

V 2 = 90.9 It. per second. 

By trigonometry Ko = 30.6 ft. per second, = 130° 


E„i = El cos o: I = 150 X 0.951 = 143 
Vui = U 2 + Wa cos - 68.0 -= 90.9 X 0.960 = -19.7 

(Also E .,2 = E. OO.S «, = 30.6 - X (- 0.639) = -19.7) 

h" = J (w.iE,a - n.E„») 

= 2 = 283 ft. 

Hydraulic efficiency = h''/h — 283/350 = 0.81. 

Hydraulic friction loss = /c 2 ^^ = = 51.3 ft. 

Eo^ 940 

Discharge loss = = 14.6 ft. 


Power 


Wh" 

550 


100 X 62.5 X 283 
■ ‘550 


3220 h.p. 


63. Reaction Turbine.’ — Another numerical case will be given 
to illustrate the application of the foregoing principles to the 
reaction turbine. The turbine used here is the Fourneyron or 
outward flow type, though the theory applies to any type. 

By construction, ai = 18°, ^2 = 165°, ri = 2.0 ft., r 2 ~ 2.5 ft., 

Ai = 1.36sq. ft., aa = 1.425 sq.ft. Assume fc = 0.2|^/i' = 


’ Sec Art. 8 . If the area 02 is made small enough the wheel passages will 
be completely filled with water under pressure. We then have a reaction 
turbine. Note that 



Fi = g/Ai = IGd.S/l.SG = ;12J. ft. per Kccond. 

V 2 = {Ai/ct'i) Vi = 115.5 ft. por .second. 

For the above r.p.in. xii = 110 ft. per Koeond, ui = 137.5 ft. per 
second. 


Fui = Fi cos ai = 115. 

F„2 = Ua + tPa eos/la = 137.6 - 115.5 X O.OfiO = 20. 0. 
h" = ^ (wiF„, ~ WaF.a) = J ^ (110 X 115 - 137.5 X2(i) = 

(J 

282 ft 

liydraiilic cllieieiicy = 282/350 = 0.805. 

Hydraulic frictiaii loss = = 0.2 = 41.5 ft. 

2g 04.4 

By trigonometry Fa = 41 ft. per .second. 

Discharge loss = = 20 It. 


Since Da is deterniincd by the area oa wo do not have the use for 
equation (21) that we did in the case of the iminilse turbine. 
By it, howevci', we can compute the differonce in pressure between 
entrance to and discharge from the runner. Tlius from (21), 
taking zi = z^, 


Vl — Vi ^ (1 + k)v2^ — u-V- - vf + ^ ft 

w lu 2ij 


Vi 


0 and = 122 
w 


(If the turbine discharges into the air tlien 

n> 

ft.) This pressure difference may also be computed from equa- 
tion (5). 

„ Wh” 62.5 X 164.5 X 282 , 

Power = = S270 h,,. 


64. Effect of Different Speeds. — If a wheel is run at different 
speeds under the same head, the quantities vi, v^, Fa, aa, h", 
efficiency, and power all vary. In Fig. 79 may be seen the 


0°. The value of V 2 dcorcases to a minimum and then increases 
again. 

From equation (20) it may be seen that, other losses being 
equal, the maximum efficiency would be obtained when the dis- 
charge loss is a minimum. It can be seen that F 2 is very small 
when either = Ui or ai = 90°. A means of computing the 
speed necessary for this will be given later. Neither of these 
gives the actual mathematical minimum but they are very 
close to it. 

The torque exerted on the wheel by the water may be seen to 
decrease as the wheel speed increases. In equation (17) W and 
F„i are practically constant, though they vary slightly in the 
case of the reaction turbine. But V „2 continuously increases 
algebraically. It has its maximum negative value when the wheel 
is at standstill, it is zero when the speed is such that az = 90°, 
and it attains its maximum positive value when the turbine is 
at run-away speed. This is the maximum speed which the wheel 
can reach under a given head and is attained when all external 
load is removed. Under these circumstances the torque exerted 
by the water is just sufficient to overcome the mechanical losses 
of the turbine. The run-away speed of the wheel is thus strictly 
limited by hydraulic conditions. 

In the ideal case the maximum possible speed of the Felton 
wheel would be when the velocity of the buckets equalled the 
velocity of the jet. But under these conditions AF of equation 
(15) would equal zero. Consequently the wheel must run at a 
speed somewhat less than this as some power is required to over- 
come the mechanical losses at this speed. For the impulse wheel 
the maximum value of (jj usually attained is about 0.80 at run- 

‘ These photos also show the needle in the eenter of the jet. The piece 
at the side of the buckets toward the lower right hand side of tlie case is 
the “stripper,” its function being to deflect water that might otliorwise be 
carried around with the wheel up into the upper part of the case. The 
buckets pass through this with a relatively small clearaiieo. A close inspec- 



ero Speed Normal Speed Run- Aw: 

Fig« 79. — 12" Impulse wheel at different speeds under same head. 


u-u, tne waier niimg tne vessel will tend to rotate at the same 
speed with it and we will have a forced vortex. 

The pressure within this body of water will then vary as shown 
by the curve CD. The law of variation may be found as follows 



Consider an elementary volume, whose length along the radius 
is dr and whose area normal to this is dA, and which rotates at 
an angular velocity w at radius r. The difference in the pressures 
on the two faces, which is the resultant force acting, is equal to 
dp y. dA, and the acceleration of the mass is wh', directed toward 
the axis of rotation. Thus 

dpdA = {wdA dr/g) coV 
dp = (wca^/g) rdr 
p — (w wVsf) r^/2 H- constant. 

To find the value of the constant of integration, let p„ be the'pres- 
Hiirfi whfiTi r Rmia.ls zero. Thi].s the ROTistant is R.nnn.l tn n.. n-nd 




vessel is open, but witli sides Iiigh enough so that the water cannot 
overflow, the surl'acc of the water will become a paraboloid, since 
the pressure variation along the radius is the same wliotlier the 
water be conlincd or not. 

This equation is really a special case of equation (21) with vi 
and Vi equal to zcio, since there is no flow ol water. If water 
flows then equation (21) must be employed. Flow may occur 
in either direction. It may be noted that the energy of the water 
is not constant along the radiirs, as both the pressure ajid the 
velocity of the water increase. 'Phis is possible because, duo to 
the action of external forces, energy is being delivered to (or 
taken from) the water. 

An important application of equations (21) and (22) is in con- 
nection with the ccntrrl'ugal pump. The vessel XY of Fig. 78 
may be said to be a crude illustration of the impeller of such a 
pump. But the equations arc also of value in determining the 
conditions of flow through turbine runners, of either the impulse 
or reaction typo. 

66. Free Vortex. — A Jrce vortex is produced when a liquid 
rotates by vh'tue of its own aiigular momentum, previously de- 
rived from some source, and is free from the action of external 
forces. Thus in Fig. 80, if the rotating vessel AF is surrounded 
by a stationary vessel MN into which the water can pass from 
XY, the water will still tend to rotate and, neglecting friction, 
we will have a free vortex. 

The pressure within the free vortex will vary as shown by the 
curve DE. The law of variation may be found as follows; Since 
no external forces are applied, the resultant torque exerted is 
zero, and hence the angular momentum is constant (Art. 59). 
Since angular momentum is proportional to rV cos a or rVu, 
it follows that 

rV cos a = ?’F„ = constant (23) 

the value of the constant being the value obtained from the 

nn-mioviool \rnlim nP nf. +.Tq n TTnitit nP on+.Toiipa 


that 


72 = 7_^2 7^2 


(25) 


Since no energy is delivered’ to (or taken from) the water, the 
,lue of the effective head H must remain constant. Thus 


H = z + 


72 p 

A- + - = constant, 
2(7 w 


e value of tliis constant being determined by the total head of 
e water initially. Taking the datum plane such that 2 = 0, 
i have 


w 




ls.= 

2cj 


(26) 


The flow of the water may be in cither direction. Actual fric- 
>11 losses will modify the resulting values of the pressure and 
50 of Vu, but cannot alter Vr- If b is constant, Vu and Vr vary 
the same proportion, neglecting friction, so that ce is constant 
d the path of the water is the equi-angular or logarithmic 
iral. 

The free vortex is found in the casing surrounding the im- 
ller of some types of centrifugal pumps. It is also found in 
e water in a spiral case approaching a turbine runner, and 
e above equations have many applications. 

For example equations (23), (24), and (25) show that the 
locity of the water varies inversely as the radius of curvature 
its path. Hence if the vanes of turbine runners are so 
aped that the stream lines have sharp curvatures, the velocity 
the water will be excessive and, from equation (26), it may 
seen that the pressure will be reduced. This may result 
the pressure becoming so low that erosion will result, 
mentioned in Art. 45. For the same reason it is undesirable 
let the water discharged from a turbine runner flow direct 
vard the axis, as in the pure radial inward flow turbine, 
ir if the water leaving the runner had any “whirl” this would 
jrease as the axis was approached and, according to the 


Fio. 81. 


other conduit and hence Bernoulli’s theorem, otherwise known as 
the general equation of energy of Art. 54, may be applied to it. 
Equation (4) however has been stated only for the case of 
steady flow and for the present purpose wc are concerned with 
any condition of flow that may exist. Hence we shall add another 
term called the acceleration head, which is the head necessary to 
accelerate the velocity of the water when the rate of discharge 
is changed by the action of the governor. Let this head be 
denoted by har.c> while the loss of head in friction, W, is divided 



//, = 0 + 0 + 

w 


wlun’O P 2 dcnol.es ubisolutc prnssurc and denotes atmospheric 
pi-tiasrivc. Then 


Or 


I'J 2 — H i — H' + hacc 


Zz = 


V) 


w 


2f/' 


+ /t/ + 


2.cr 


+ h acc 


(27) 


Tlu! solution of this equation will give the allowable height of the 
tuJ’bine runner above the tail-water level. Or the equation can 
('.(inally well be used to determine the pressure for any given 
ol(ivation. In the above, 

governed by the altitude and local variations but is 

aijproximately equal to 34 ft. of water. 

cannot be less than the vapor pressure of the water at that 

tcjinperature as determined from the steam tables and should be 
from at least 2 to 4 ft. of water more. 

V 2 is a function of the design and type of the runner. The 
hifgher the capacity and speed of the type the higher will be the 
value of Vz- It is also a function of the head under which the 
turbine runs, because all velocities vary as the square root of the 
head. Also if az is not 90°, the value of Vz will be greater than 
q divided by draft tube area. 

7i / depends upon the construction of the draft tube. Ordinarily 
it may be assumed as about 15 to 25 per cent, of V^/2g. 

TAg is controlled by the setting of the plant for that fixes the 
allowable length of the draft tube. It is also a function of the 
construction of the draft tube and the head under which the 
fcnirbine operates. 

is determined by the action of the governor and it may 
be either plus or mmus in value. The negative value is the 
one to use in the above equation. 



also require a lower setting under a higher lieud Ixuiause ol 
change in this same item. 

If the turbine is set higher tlnui the limiting vahui, as d 
mined by this ctiuation, the ollicioncy of eonver.sion in 
draft tube will bo lost duo to the vaporisation and subsesj 
recondonsation of the water. Also eorrosion of the rnmiei 
take place because of the liberation of o.xygcm. Again il 
height is very close to the allowable limit for steady flow 
sudden closure of the turbine gates by tins govcn'iior may cans 
pressure at discharge from the runner to drop to siujh a low a 
that the water vaporizes. But an instant later tins water 
surge back up the draft tube, striking the runner a dcicided 1 

68. QUESTIONS AND PROBLEMS 

1. How ia llic effective head to bo measured on tlio I’elton wheiil a 
the reaction turbine? Why arc two values possible in the latter 
What are the definitions of the various ollieiencies that may be dealt 
. 2. What ia the procedure for computing the force exerted by a s 

upon a moving object? W'hat are the reasons for the difforenee be 
IF and IF'? 

3. What becomes of tho total energy supplied in the water to the v 
As the speed of a wliccl varies, under a constant head, the tortpie o; 
on it, and consequently its power, varies. Since tho power sniqjlicd 
water is constant, what bccoincs of the difference between the two? 

4. What are tho fundamental differences between the solution of the 
lem of the impulse wheel and of tho reaction tuiijinu? 

6. As the speed of a wheel changes how do Fj and 0:2 vary? Of 
signifioanco is this? What limits the maximum speed of a I’elton 
under a given head? 

6. What is a forced vortex? How does tho pressure vary in it? 
examples of it are found? 

7. What is a free vortex? How does the velocity vary in it? IIo^ 
the pressure vary? Wiat common examples of this are found? 

8. What couolusioDS can one draw from the equations for the free ' 
that have an important practical application? 

9. Derive the equation for the maximum allowable h(;ight of a t' 
runner and discuss the items that affect this value? 

10 Wflioh in f-Virk r»rfr»r*-k +V»r» *vr> + ir\Ti /vF +lin +l«y^ 


jiDriuiii tu jot, iriiigimuau anu uueouon oi total lorcu. 
ming tho terminal velocity to bo reduced to 80 ft. per second, 
rB remaining the same. 

ylrw. (a) 211 ib., (h) 3G5 Ib., (c) 422 lb. at 60° with 7i. 
(a) 254 lb., (h) 293 lb., (c) 388 lb. at 49° 08'. 
rtjlilem (13) a.ssiiming the angle of deflection to be 180°. 

0 does the angle make in the magnitude of each force? Wiat 
cjfo in the effect of friction in each instance? 

Ans. (a) 844 lb., (6) 0, (c) 844 lb. at 0° with Vi. 

(b) 7001b. 

the vane in problem (14) moves in the same direction as the 
itjifcy M, and that friction loss is such that 112 = O.Svi. When 
O, 30, 44.4, 70 and 100 ft. per second, find; (a) Values of the 
r second striking the vane, (li) values of nb.soluto velocity at 
/lUues of the force exerted, 

Ams. (a) 136.3, 95.3, 75.7, 40.8, and 0 lb. per second. 

(b) -80,-26, 0, +46, and +100 ft, per second, 
(e) 760, 372, 234, 08..5, and 0 lb. 

•oblem (15) if the jet is upon a wheel equipped with similar 
(■,lio irower delivered to the shaft at each speed. What be- 

1 rforence between this and the power of the jet? 

.4ns. 700, 532, 422, 228, and 0 lb. 

0, 29.0, 34.0, 29.0, and 0 h.p. 

irbine runner, Vi = 70 ft. per second, Vj = 20 ft. per second, 
= 3 ft., ai =20°, ai = 80°, and TV = 300 lb. per second, (a) 
.Kortod ui)on the wheel, (b) If wi = 50 ft. per second, find 
Ans. (o) 1128 ft. lb., (5) 51.3 li.p. 
I’ljiiie runner, T^i =70 ft. per second, V 2 = 20 ft. per second, 
, y.'a/ji' = —25 ft. Assume friction loss {kv2^/2g) in flow 
r us 5.78 ft. and that there is no difference in elevation, (o) 
ized by runner, (b) If IV = 300 lb. per second, find the power. 

Ans. (a) 94.2 ft., (b) 51.3 h.p. 
iiTipuise turbine in Art. 62 it will be found that V 2 = ui when 
per' second. Find the r.p.m., efficiency, losses, and horsc- 
jiii'C with values given in Art. 62. 

Ans. 326 r.p.m., e = 0.845, 3305 h.p. 
x’oaction turbine in Art. 63 it will be found that a 2 = 90° if 
ar second. At that speed the rate of discharge will be found 
ivcii later) to be 159 cu. ft. per second. IFind the r.p.m., 
os, and horsepower. Compare with values given in Art. 63. 

Ans. 412 r.p.m., e = 0.852, 5380 h.p. 


TjO xni; apuuu riuji viuivjd, oi i'- w* \-/ -- — 

oC the vanes at this point is 5 ft., find the radial ooinponcnt of the velocity 
if the turbine clisoliargcs 900 ou. ft. per second, (c) Wliat should bo the 
angle of tiro speed ring vanes at this point? (d) What should bo the angle 
of entrance to tlic turbine guide vanoB, if the radius is 0 ft., and tlio heiglit 
is 3 ft.? Ans. (o) 12,85 ft. per second, ((>) 4.09 ft. per second. 

23. A turbine running under a head of 200 ft. is of siicli a design that 

l/j 2 / 2(7 = 7 per cent, of h and Va^/2g = 1 per cent, of h. If the minimum 
jDressure allowable is 3 lb. per scf. in., what is tlic maximum height the 
runner may be set above the tail-water level, assuming the draft tube loss 
to be 25 per cent, and the maximum negative acceleration head to bo 50 
per cent, of 7 jV 2(7? What will be the result if this same turbine is used 
under a head of 50 ft.? Ans. 11. G ft., 23.2 ft. 

24. A turbine running under a head of 60 ft. is of such a design that Vi^l2g 
= 20 per cent, and FaVStf = 2 per cent, of h. If the minimum pressure 
allowable is 3 lb. per sq. in., what is the allowable height the runner may be 
set above tail-water level, assuming the draft tube loss to bo 26 per cent, 
of Vi‘l2g and the maximum negative acceleration bead to bo 60 per cent, 
of Vz‘l2g'( Compare with second part of preceding problem. 

Ans. 15.6 ft. 
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THEORY OP THE TANGENTIAL WATER WHEEL 

69. Introductory. — The tangential water wheel has been 
issed as an impulse turbine with approximately axial flow, 
le term tangential is applied because the center line of the jet 
tangent to the path of the centers of the buckets. In this 
tide the assumption will therefore be made that ai = 0° and 
at ?’i = r 2 . It will be shown later that these assumptions are 
t entirely correct. 



Fig. S2. 

If the angle ai be assumed equal to zero then Ui and Vi are 
the same straight line and wi = Vj — ui. The conditions at 
it from the buckets are sliown in Pig. 82. In applying equation 
we desire to find only the component of the force tangential to 
e wheel since that is all that is effective in producing rotation, 
lerefore we shall find only the component of AF along the direc- 
m of Ui. Thus, if F hero denotes tangential force, 

/r = E (TT - ir„ cos ao) 

IF,,. .. „ 


W cos^2 \ , 


ao 2 'e exact value for the foi'co exerted may be foimd iu Ai't. 72. 
3 above is only an approximation. 

ilultiplying the force given above by the velocity of its point 
application, we have the power developed. Thu.s 


P = Fill 


cos 02 

Vl + k 


3 power input to the wheel, including the nozzle, as Wh, whei-e 
1 determined as in Art. 55. The power in the jot is WV-?l 2 q 
I is less than the former by the amount lo.st in friction in the 
izle. 

equation (28) is the equation of a straight line. It shows that 
3 a maximum when mi is zero and that it decreases with the 
ed until it becomes zero Avhen wi = V i. Equation (29) is the 
lation of a parabola. It shows that the power is zero when 
= 0 and again when u I = Vi. The vertex of the curve, which 
es the maximum power and hence the maximum efficiency, is 
nd when Ui ~ 0.5Fi. Since in reality both of these curves 
altered somewhat, when all the factors are considered, some 
;hese statements require modification. 

[’he actual speed for the highest efficiency has been found by 
i to be such that = 0.45 approximately, while the value of 
efficiency is about 80 per cent. Both of these values vary 
lewhat with the design of the wheel and the conditions of use. 
t one can approximately compute the bucket speed and the 
ver of any impulse wheel, provided the head and size of 
are known. The bucket speed ui = while the 

ocity of the jet Vi = c„-\/2gh- For a good nozzle with full 
ining, if equipped with a needle, the coefficient of velocity 
uld be about 0.98. Thus the rate of discharge is determined, 
die diameter of the wheel is knowir, or assumed as a function 
;he size of the jet, the rotative speed can be computed. 


at Bi and begins to out off the water from the preceding bucket C i. 
When the bucket reaches the position Bi the last drop of water 
will have Ijccn cut off from Ci, but there will be left a portion of 
the jet, MPX Y, still acting upon it. The last drop of water X 
will have caught up with this bucket when it reaches position C 3 . 
Thus while the jet has been striking it the bucket has turned 




through the angle B 1 OC 3 . The average value of ai will be taken 
as the angle obtained when the bucket occupies the mean between 
these two extreme positions. It is evident that position Cz will 
depend upon the speed of the wheel, and that the faster the wheel 
goes the farther over will C 3 be. Thus the angle exi decreases as 
the speed of the wheel increases. The variation in the value of 
ai as worked out for one particular case is shown in Tig. 85. 

71. The Ratio of the Radii. — It is usually assumed that ri = ri. 
However inspection of the path of the water in Fig. 84 (a) will 
show that when the bucket fii’st enters the jet ri may be less than 


t'ly compared with the jet velocity the value oi x will be less 
ti when the wheel is running at a higher speed. This may be 
hed by actual observation. When the wheel is running at its 
per speed it is probably tme that x is very nearly equal to 
ty. In any case the variation of tlie value of x from unity 
not be very great. 




Fig. 84. — Iladii for dilTorout bucket positions. 

2. Force Exerted. — The force acting on the wheel may be 
ermined by the principles of Art. 58, but, if the radii are not 
lal it will not be couvenient to use equation (15) on account of 
difficulty of locating the line of action of the force. How- 
ir we can use equation (17) and by it determine a force at 
radius iq which shall be the equivalent of the real force, 
dding (17) by n and letting F denote tangential force we 
.ain 

= - (F,.i - 
(J 

Vui = cos ai 
Vu2 = U2 + V2 cos 02- 

equation (21) 

(1 + /C)U2^ = Hi® + — Ml®. 


trigonometry 


V l + /o 


!/ L 


^ J 

(30) 


quation (30) is a true expression for the force exerted. No 
reat error is involved, however, by taking x = 1.0. If that is 
one the expression under the radical becomes tlie value of vi 
ad may bo found gi-aphically. For the sake of simplicity and 
ise in computation ai may be taken equal to zero and the equa- 
on then reduces to (28), but an exact value of F will not be ob- 
lined. There is little excuse for taking k = 0, as most writers 
0 , for equation (28) is not simplified to any extent and the re- 
ilts are entirely incorrect. 

73. Power. — With F as obtained from (30) the power is given 
y Fux. We may also compute h" and obtain the power by 
lultiplying by W. 

Since h" — I'^ui — ^F^j) itis evident that the expressionfor 

'is the same as (30) if mi be substituted for W''. Thus the expres- 
on for power has the same value no matter from which basis it is 
erived. 

74. The Value of W. — Tf is the total weight of water striking 
le wheel per second. It is obvious that the weight of water 
ischarged from the nozzle is 


W — ivAiVi. 


nder normal circumstances all of this water acts upon the wheel, 
[owever for high values of the ratio Ui/V i a certain portion of 
le water may go clear through without having had time to 
itch up with the bucket before the latter leaves the field of action. 
; is apparent, for instance, that if the buckets move as fast as the 
it none of the water will strike them at all. For all speeds less 
lan that extreme case a portion of the water only may fail to act. 
hus referring to Fig. 83, it can be seen that if the wheel speed is 
igh enough compared to the jet velocity the water at X may not 
ave time to catch up with bucket C. The variation of W with 




{j\J UllC O-I/jC \Ji. t/AJLC4»U 

in Art. 30. For a given diameter oE wheel, as the size oE tli o 
nozzle is increased, larger buckets must be used and they must, 
also be spaced closer together. 

76. The Value of k. — The value of /c is purely empirical and 
must be determined by experiment. IE the dimensions of tlie 
wheel are known and the mechanical friction and windage losses 
are determined or estimated, then from the test of the wheel tli e 
horse-power developed by the water may bo obtained. TKo 
value of h is then the only unknown quantity and may be solved 



R.P..M. 

Fio. 85. — Values of «i and TV for a oortain wheel. 

for. The value of k is probably not constant for all values of 
Ui/Vi. Some theoretical considerations, which need not be given, 
here, have indicated that it could scarcely be constant and an 
experimental investigation has shown the author that k decreased 
as UifVi increased. For a given wheel speed however it is 
nearly constant for various needle settings unless the jet diametei- 
exceeds the limit set in Art. 30. The crowding of the bucke-fc 
then increases theeddy losfses andwouldrequireahigher valueof 7c . 

The value of k may be as high as 2.0 but the usual range of 
values is from 0.5 to 1.5. 

76. Constant Inout — Variable Sneed. — The variation of torau o 


given n ozzle opening the horscpoweroutput is fixed and constant, 
’he liorsepoAver output varies with the speed. It will be noticed 
hat the maximum efficiency is attained at slightly higher speeds 



Fin, 80. — Relation between torque and speed. 

or the larger nozzle opening^ than for the smaller. This is due, 
n part, to the fact that the mechanical losses, which are practically 
onstant at any given speed, become of less relative importance 
iS the power output increases. 

Fig. 88 shows the variation of the different losses for a constant 
lower input but a variable speed. ^ 

77. Best Speed. — It is usually assumed that the best speed is 
■he one for which the discharge loss is the least. As shown in Art. 
i4, the latter will be approximately attained either when ~ 
ir when 02 = 90°. In the case of the impulse turbine the former 
>• Tht' p.nT'vi!.s .shown in tliis chanter are from the test of a 24-in. tangential 



Fig. 87. — Relation between power and speed for different needle settings. 

that, although the difference is not great, the above equation 
does not give the best speed. The hydraulic friction losses and 
* L. M. Hoskins, ‘'Hydraulics,” Art. 198, Ai't. 208. 


ihe speed 01 ;uiy turbine is goiicrully expressed us Ui = cj> \/ 2(jh. 
The cocflicieiit of veloeity of the nozzle will reduce tlic aliove 


II.P. Ill Niiz/.lo 



Fio. 88. — Sogrogation of losses for constant input and variable speed. 


values slightly, so that the best speed is usually such that 
4>c = 0.43 to 0.47 

78. Constant Speed — Variable Input. — The case considered in 

A .1. frr* 1 ... ^ 1- 1 _ * _ _1 -• J.1- _ _ * f* xl. - 1 1 






very nearly a straight line. Above six turns it bends up slightly 
because the wheel is then slightly overloaded. 

The friction and windage was determined by a retardation 
run* and was assumed to be constant at all loads. The hydraulic 
losses were segregated by the theory already given (Art. 62). 
These results plotted in per cent, are shown in Tig. 91 and Tig. 92. 



is really the proper one to use. But the important lact is that the 
angle is not zero and that it does vary. In similar manner the 
determination of the amount of water acting upon the wheel at 
speeds above normal, and the determination of the speed at which 
this waste of water begins, is difficult. But the consideration of 
the problem makes it clear why the curves for the force exertctl are 
not straight Imes, as may be seen in Fig. 86, and why the right- 
hand portion is steeper. In turn this explains why the actual 
power curves of Fig. 87 are distorted parabolas with the right- 
hand side much steeper than the left-hand side. Ideally the 
maximum speed of the wheel should be such that Ui — V i, but 
actually the run-away speed is such that <f> = 0.80 approximately. 
This is due to the fact that the proportion of the water acting on 
the wheel at higher speeds would become so small that the force 
exerted would be less than that required to overcome the bearing- 
friction and windage loss. 

The losses computed by theory and in part determined by 
experiment are shown in Fig. 88. If it were not for the waste of 
water mentioned above, the discharge loss from the buckets 
would be as shown by the dotted line. Actually the loss of energy 
in this water is shown by the solid curve to the left of this, while 
the discharge loss from the buckets is only the intercept between 
the latter curve and the one to its left. 

The theory, as illustrated in Fig. 90, shows that for a wheel at 
the proper speed the principle ]o.ss of energy is in the buckets. 
This emphasizes the importance of close attention to the proper 
design of the latter. The theory also shows that the individual 
losses tend to follow straight line laws. This means that the 
relation between mput and output is also a straight line. When 
the size of the jet becomes too large for the particular wheel, the 
bucket losses increase more rapidly and hence the curve bends 
upward at this point, as shown. The relation between input and 
output is not exactly a straight line for loads less than that for 
maximum efficiency, but it is nearly so. This is of interest be- 
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FiO' 92. — ICfHcieiicius anil por coni, losses at constant speed based upon power 

in jet. 


together the hydraulic efficiency does not begin to drop off rap- 
idly until very small nozzle openings are reached. The reason 
for this is that the vector velocity diagrams upon which the 
t.henrv is based are indenendent of the size of the let. The 




the jet from the nozzle = 6 in. Let this jet act upon a tangential 
water wheel of the following dimensions: Diameter = 6 ft., 
£*1 = 12°, 132 = 170°. Assume k = 0.6, ii> — 0.465, and assume 
bearing friction and windage = 3 per cent, of power input to 
shaft. 

The ]Droblom of the piije line is a matter of elementary 
hydraulics and a detailed explanation will not be given of the steps 
here employed. The coefficient of loss at B will be taken a.s 



1.0, the coefficient of loss in the pipe will be assumed 0.03. The 

loss in the nozzle will be given hy^---j — where = the 

coefficient of velocity and Fi the velocity of the jet. If F„ = the 
velocity in the pipe then the losses will be 


( 1 + 0 . 03 - 2 - 5 ) 2 „ + 0.063 - 2 - 


Taking Ha = 1000 ft. and Hi = then by equation (4) we 

^(1 

may solve for = 1.38 ft. of = 86 L ft. 

2flr 2g 

Thus Ve = 9.42 ft. per second and Fi = 235.5 ft. loer second. 
Rate of discharge, q = 4.62 cu. ft. per second. 

'D 

The pressure head at nozzle, ‘ - = 914.5 ft. 

’ w 

The wheel speed Ui = 0.465 X 8.025^915.88 = 113 ft. per 
second. 


be obviou.s. 


Total head available, 

Ha 

= 1000 ft. 

Head at nozzle, 

Ih 

= 915.88 ft. 

Head in jet, 

I-h 

= 861 ft. 

Head utilized by wheel, 

h" 

= 767 ft. 

Total power available at A 

— 

5250 h.p. 

Power at nozzle (C) 

= 

4800 h.p. 

Power in jet 

= 

4520 h.p. 

Power input to shaft 

= 

3970 h.p. 

Power output of wheel 

= 

3851 h.p 

Hydraulic efficiency of wheel 

= 0.878 

Mechanical efficiency of wheel 

= 0.970 

Gross efficiency of wheel 


= 0.852 

Hfficiency of nozzle 


= 0.941 

Gross efficiency of wheel and nozzle = 0.801 

Efficiency of pipe line BC 


= 0.915 


Overall efficiency of plant = 0.733 

81. QUESTIONS AND PROBLEMS 

1. With the simple theory of the tangential wheel what are the relations 
for torque and power as functions of speed? How may the speed and power 
of an impulse wheel be computed in practice ? 

2. What are the true conditions of flow in the Pelton ivater wheel and 
what assumptions arc often made in order to simplify the theory? 

3. When may a portion of the water discharged from a nozzle fail to act 
upon the wheel? Why? What changes in design will improve this 
condition? 

4. Why is the relation between input and output at a constant speed and 
head not a straight line throughout its range? How docs the hydraulic 
efficiency vary from no-load to full-load at constant speed? ^Wly? 

6. Suppose the dimensions of a tangential water wheel are: 02 = 105°, 
4 > = 0.45, k = 0.5, and the velocity coefficient of the nozzle = 0.98. If 
the diameter of the jet = 8 in. and the head on the nozzle 900 ft., compute 


will be the approximate diameter and r.p.m. of the whe(il? 


TJrWUKX Ui* lilii KJKALlIUiN TUKiJlJNii 


82. Introductory.^ — -The main pui'i^ose of this chapter is to 
explain the characteristics of reaction turbines. In turbine theory 
there are many varialiles and one must assume some of these and 
(iomputc the rest, and, according to what is assumed as known, 
the theory presented by various indididuals will differ. Also 
tliere are matters of difference of detail. For instance one may 
assume the hydraulic friction losses througlr the entire turbine, 
including guides and runner, to be some function of the rate of 
discharge, while another will attempt to analyze these losses and 
compute them individually. 

The turbine designer, desiring to obtain some definite perform- 
ance, naturally assumes certain results and computes the dimen- 
sions necessary. For our present purpose, we shall do exactly 
the opirositc of this and assume all the dimensiorrs as known and 
endeavor to determine the characteristics of the given turbine. 

83. Simple Theory. — A very simple theory is possible by as- 
suming certain factors to be known as the result of experience. 
Thus, as in the case of the impulse wheel, the peripheral velocity 
of the I’unner may be represented as ui — <^\/2gh. And the 
speed at which the efficiency is a maximum is given by values of 

ranging from 0.55 to 0.90 according to the type of the runner 
as in Fig. 34, page 43. This differs from the Felton wheel not 
only in the numerical values of but also in the much greater 
range that is possible. 

The efficiency of the turbine may be assumed as from 80 to 90 
per cent, according to the size and type of the runner, and hence 
the power may be computed if the rate of discharge is known. 
Wc here introduce another factor c such that Vi = c-\/2gh. 
(This is really a velocity coefficient but there is no need to draw 
any distinction between it and the coefficient of discharge, since 
here the coefficient of contraction is unity.) It may be noted 
that in the reaction turbine the water is under pressure through- 
out its flow and hence- the total cnerarv of the water enterine the 



action of the wheel has no effect upon the velocity ol the water 
from the nozzle. Thus the 'factor c is not only less than unity 
but it depends upon the design and type of the runner, and fur- 
thermore it varies with the speed of the latter. Because of this 
variation with the speed, we shall here give only the values 
obtained at speeds winch result in the highest efficiency being 
obtained from the wheel. In practice c„ varies from 0.6 to 0.8 
according to the type of runner. Then 

q = A.iX c„\/2gh. 

It may be of interest to note that as one proceeds from runners 
of Type I to Type IV of Fig. 34, page 43, one gets farther away 
from the impulse wheel in all respects. Not only are the resulting 
operating characteristics and conditions of service more unlike 
but the numerical factors are of increasing difference. Thus 
values of for the reaction turbine are larger than for the im- 
pulse turbine and they increase in the direction mentioned. The 
pressure pi is zero for the impulse turbine, but not for the reac- 
tion turbine. For the same head and setting, the value of pi 
will increase from Type I to Type IV. But if increases, F] 
must decrease. Hence high values of c„ accompany low values 
of 4>c and vice versa. 

For the present we are assuming that values of and Co are 
to be chosen according to the type of runner concerned. 

84. Conditions for Maximum Efficiency. — To obtain the best 
efficiency the water must enter the runner without shock and 
leave with as little velocity as possible. In order to enter without 
shock the vane angle must agree with the angle Pi determined by 
the velooity diagram and, in the case of the reaction turbine, the 
velocity Vi as determined by the velocity diagram should be equal 
in magnitude to that determined by the rate of discharge and the 
runner area ai. In order to leave with as little velocity as pos- 
sible the angle 0:2 may be made equal to 90°, as has been shown in 
Art. 64. In the early type of turbine as built by Francis such an 


t]iut with the higli-speed tj'po of runner t,he flow is approximately 
pai'allol to the axis. 

A further reason for tlic use of a^i = 90° as desirable for a 
high officueney of the read ion turbine is that otherw'ise the water 
would enter tJic di’affc tube w'ith a whirling motion which would 
inc.roase the losses within the latter. 

86. Determination of Speed for Maximum Efficiency, — A 
runner of rational design would be so proportioned that there 
would be no shock at entrance for the same speed at which the 
discharge velocity would be normal to the vane velocity. 
Tliat is 012 = 90° and /S'l = |8i at the same speed, where /3'i is 
the angle of the runner vane and the angle of Wi as determined 
by the vector diagram. The following equations therefore 
apply only to such a runner. 

From the velocity diagrams we have, if /Sh = /?]. 

Fi sin o!i = Vi sin 
Fi cos ai = Ml + Vi cos /3'i 


Eliminating vi between these two equations we have 


= si n (i3'i — ai) 
sin jS'i 


7i 


(32) 


as the relation between Ui and Fi when there is no abrupt change 
of velocity at entrance to the runner. 

Since 0:2 = 90° and hence Vu^ = 0, we have from equation (19) 


etji = 


MiFui ^{lylCOsal 


(7 


£7 


(33) 


as the relation between mi and Fi for which the discharge loss is 
a minimum. 

Solving equations (32) and (33) simultaneously we have 


Ui 


-4 


\ ehl<jh sin (jS 1 — g 
2 sin P'l cos 



It must be borne in mind that the preceding equations apply 
only to a runner designed as stated. For any runner, wlietlier of 
rational design or not, the value of 4> necessary to make a 2 = 
90° can be determined by involving more dimensions than the 
above, and such an expression Avill now be derived. It will bo 
assumed also that this is the most efficient speed for any 
runner, though this may not be strictly true if the entrance loss 
is not zero at this speed. 

If a2 = 90°, F„2 = Ma + V 2 cos (82 = 0. Since M2 = .Wi and 
V 2 = = j/Fi from the equation of continuity, we may 

write 

X ui + y Fi cos 182 = 0 (36) 

as the relation between ui and Fi for which = 90°. Solving 
this simultaneously with equation (33) we obtain 


,, _ Hirin' y cos P2 
^ ^ 2x cos ai 


" V- 2 


eh-2gh-x 


, 2y cos (82 cos 

From this it follows that 

\ — 2a; CO 


I cos 82 
: cos ai 


- 


Ch'X 


2y cos 82 cos 


(37) 

(38) 


From equation (33) we may write Ui Fi = e* • 2gh/2cos on and 
from this it follows that 


(peCe = 6*72 cos ai (39) 

Values of e* and ai change somewhat with diilerent types of tur- 
bines but this shows that the factors (pe and c„ vary approximately 
inversely, as stated in Art. 83. 

The equations of this article are all based upon assumptions 


111 iic.ciordiiiico \vi1.1i l.lio usuul niuLliod i,n hy- 
draulics wo may ropi'osent hydraulic friction loss in the runner by 
h h beiiifr an experimental constant. If the turbine dis- 

charscH into the air or directly into the tail race the clischarKC 
loss is In addition there may be a shock loss at en- 

trance to the runner. The term shoch is commonly applied here 
but the phenomena arc rather tho.se of violent turbulence. This 
turbulent vortex motion causes a large internal friction or eddy 
loss. 

Referring to Fig. 94, the value of wi and its direction ai'c de- 
termined by the vectors Ui, and Fi. Since the wheel passages 



are filled in the reaction turbine, the relative velocity just after 
the water enters the runner is determined by the area Ui and its 
direction by the angle of the wheel vanes at that point. If all 
loss is to be avoided, these values should agree with those deter- 
mined by the vector diagram; but that is possible for only one 
value of Mi for a given head. For any other condition the velocity 
Vi at angle j3i is forced to become v'l at angle /3'i. This causes a 
loss of head which will be assumed to be equal to (CC')^/2g. 
Since the area of the stationary guide outlets normal to the 
radius should equal the area of the wheel passages at entrance 
normal to the radius, the normal component {i.e., perpendicular 
to Mi) of vi, should equal that of Fi. Therefore CC is parallel 
to Ui and its value is easily found to be 



shock loss = 


87. Relation between Speed and Discharge. — Equating tiic 
net head to the sum of all these items we have 


7 — 7 A- ~~ 1 ^CniEm — u {Vu2) 

~ 2(/ +■ 2i! ■“ 2g 

All velocities can be expressed in terms of iq and Fi as follows: 

Ui ~ xuj, Vi = yVi, Vui = Fi cos ai, 

Fu2 = U2 + V2 cos /Sa = T,Ui + yVi cos ft, 

Fs^ = U 2 ^ + ^ 2 ® + 2 u 2 V 2 cos) 32 = a;%i2 + i/“F i® + 2xyUiVi cos ^ 2 . 
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Fra. 95. — Comparison of the relation botwocn c and 0 as clotorinined by theory 

and by test. 


Making these substitutions and reducing we obtain, 

[(1 + k)y^ + fc'^JFi^ + 2(cos aj — k')ViUi + (1 — ^-2)77, 2= 2qh. 


From this equation Fi may be computed for any value of wheel 
speed, Wi. It is customary to express the wheel speed as Ui = 

th'\/Onh and wo mn.v fi.lnn V, = '’Phn non r,!" +Ii 


II 



One turbine was an outward floAV turbine and the other was a 
radial inward flow turbine. Considering the imperfections and 
limitations of the theory, the agreement is remarkably close. 

If the turbine discharges into an efficient draft tube the discharge 
loss may be represented by mV i^/2g, where m is a factor less than 
unity. If there were no internal friction and eddy looses within 
the tube, the value of m would depend only upon the areas of ends 
of the tube and would be equal to {A^/AzY. Actually m is 
greater than this due to hydraulic friction losses. And as the 
speed of the turbine departs from the normal value, it is probable 
that m increases still more and approaches unity. Introducing 
the discharge loss as mVYI^g in the equation at the beginning of 
this article, we obtain as a substitute for equation (40), 

[{m + /c)y® + + 2[cos ai — k' — (1 — m)xy cos P 2 ]c(l) 

- [(2 - m)x^ - l](^.2 = 1 (41) 

It will be found that tliis equation will give slightly higher values 
of c than equation (40), which is to be expected. Thus the use of 
a diverging draft tube increases the power of the turbine not only 
by increasing its efficiency but also' by increasing the quantity of 
water it can discharge. 

If desired, equation (36), when put in terms of 0 and c, can be 
solved simultaneously with equations (40) or (41), thus giving a 
third method of computing the value of (j>e. Also it is possible to 
derive a general equation for the efficiency of a reaction turbine 
and by calculus find the value of ^ for which the efficiency is a 
maximum. However the resulting equation is somewhat lengthy 
and, because it is of no practical value, will not be given here. 
Values of (j> determined by it will usually not differ much from 
those determined by the simpler approximate method of assuming 
that ai = 90°. 

88. Torque, Power and EfSciency. — General equations for' 
torque, power, and efficiency were derived in Chapter VII and the 
application of these illustrated by a numerical case in Art. 63. 



terms ot known lactors ana aimensions. inus, lo luusbiaie, me 
hydraulic efficiency is in general 

Qh = h" pi = (wiFi cos ai — UiV 1 cos o:«)/gh. 

For the reaction turbine in particular = xui and V2 cos 02 = 
M2 + i’2 cos iSs = xui + 2/7i cos 182. Substituting in the above we 
obtain e/,, = [(cos ai — xycos^2) ViUi — xhi\^]/gh. From this it 
follows that 

Bh - 2 (cos oci — xy cos jS^) C(j> — 2 x^ 4 >'^ ( 42 ) 

A numerical result in a given case can be computed either by 
substituting the known quantities in the above equation or by 
computing the separate items of the general equation. The latter 
usually involves no more labor. 

Equation ( 42 ) is of interest because it involves no arbitrary 
factors of loss. Thus if the relation between speed and discharge 
is known, as by experiment, the hydraulic efficiency can be 
computed, provided the proper wheel dimensions are known. 
Actually it is so difficult, as will be explained later, to determine 
the proper values of the runner dimensions, that the numerical 
accuracy of the result is doubtful. The hydraulic efficiency can 
probably be estimated more accurately than the separate factors 
in these equations. The euqation is of very practical value 
however in showing that the hydraulic efficiency is independent 
of the head under w'hich the turbine is run. 

Equation ( 42 ) is perfectly general for any reaction turbine 
and is not restricted 1 0 the maximum efficiency. The value of the 
maximum efficiency will be obtained by using the values of and 
Cb in the equation. Of course, since V-a is assumed to be zero for 
this case the value of the maximum efficiency can be computed 
much more directly than by the use of the above. 

89 . Variable Speed — Constant Gate Opening. — Since c varies 
with the speed the input for a fixed gate opening will not be con- 
stant for all speeds as it is in the case of the impulse turbine. The 
variation of the losses at full gate with the speed ranging from zero 



(lhat the .speed at which the, (!ffi(;ie,ncyiH a maximum will be slightly 
(lilTcircnt from the si)ocd for which the power is the greatest. 

The Fi'ancis turhiiic for which the curves in Fig. t)5 and Fig. 96 
were constructed had the following dimensions: 



Fig. 90. — Losae.'j at full gate and variable speed. 

a, = 13°, p'l = 115°, 132 = 165°, Ai = 5.87 sq. ft., aa = 6.83 sq. 
ft., ri = 4.67 ft., n = 3.99 ft. 

From this data a; = 0.855, y = 0.860, k' ~ 1.08, and k = 0.5 (as- 
sumed). Attention is called to the fact that the horse-power 
output was determined by an actual brake test while the horse- 
power input to shaft was computed from the theory given in the 
preceding article. The two differ by the amount of power con- 
sumed in bearing friction and other mechanical losses. 

90. Constant Speed — Variable Input. — The relation between 
input and output and the segregation of losses for a cylinder gate 
turbine at constant speed is shown in Fig. 97. In the four tests 


water. Wiien the turbine is running at tiio normal speeu uui, 
with the gate partially closed there is a shock loss of a slightly 
different nature. A partial closure of the gates increases the 
value of Vi and the angle ai may be affected somewhat. How- 
ever g will be reduced while ai remains the same and thus the 



Fig. 97. — ^Losses for cylinder gate Francis turbine at constant speed. 

velocity vi must be suddenly reduced to y'l. The loss of head due 
to this may be roughly represented by (ri — v'i)^f2g. While this 
expression may not give the exact value of the loss, yet it must 
be true that it will be of the nature shown by the curves. 

1 1 mx.. -i? xt__ : . .j. _ 


large shook losses and hence reduce the input curve to a line more 
nearly parallel to the output line in Fig. 97, and thus improve the 
part load efficiency of the turbine. Also the cylinder gate turbine 
gives its best efficiency wlioii the gate is completely raised and the 
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Fig. 98« — Cylinder gate turbine at constant speed. 

power output has its greatest value. But the wicket gate tur- 
bine usually develops its best efficiency before the gates are fully 
open. There is thus left some overload capacity. 

91. Runner Discharge Conditions. — The following theory, 
though open to certain objections, serves to explain the observed 
phenomena at the discharge from a turbine runner. A low 
specific speed type of runner, such as Type I in Fig. 34, page 43, 
will^have stream lines through it which differ but little from one 
another, while a high specific speed type such as Fig. 99 will 
have stream lines which differ considerably. Thus in Fig. 99 
stream line (a) next to the crown will have smaller radii at both 


iilso m the draft tube, does not 
exist within the j’unncr. But, 
considering the velocity com- 
ponent in the plunc of the paper 
only, and considering the rota- 
tion about the centers of curva- 
ture of the lines drawn (and 
not about the axis of the run- 
ner), the equations of Art. (if) 
may be applied. 

Siilce c;, = h" jh = (uiVni — 
U 2 Vn 2 )/gh, we may write 

UiV nz = UiVui — gh" (43) 

Fig. 90. not Only for the turbine as a 

whole, but for each individual 
stream line. It has been stated that usually a runner is so designed 
that 02 = 90°,^ With some runners observation shows that there 
is a slight whirl of the water across the entire draft tube at the 
point of maximum efficiency, but this might be expected, since the 
assumption that F „2 should equal zero is a mere approximation. 
With the low specific speed turbine it is possible to have aa = 90° 
for all stream lines at some speed which may or may not be exactly 
the most efficient, but it is difficult to do this with the high 
specific speed runner and still satisfy the equation above. Thus 
suppose the discharge is normal to ih for stream line (6) in Fig. 
99 Then for this stream line = gh". Considering line 
(c) both Ui and 7„i are larger for the reasons stated in the first 
paragraph. If 7u2 is to be zero here also, h" must be larger. 
But the conditions here are not favorable to as high an efficiency 
as along line (6), because of the proximity to the boundary (which 



Hence by no proportionln{>: can the water be compelled to flow 
as desired. Since uxVn\ is larger and h" is smaller than for lino 
(/;) it follows that the right Ijand member of the equation must be 
positive and hence tlun'c must be some whirl at the point of dis- 
charge in the direcition of rotation of the runner. In similar 
fashion there may bo a negative whirl at the point of discharge 
from lino (a), but since itj, Vui, and h" all decrease for this line, 
as compared with (h), it is possible that there may be little or no 
whirl here. All this reasoning has been verified by experimental 
observations.'- This whirl of the water near the band decreases 
the efficiency of the draft tubes as constructed in the past and 
points the reason for the development of a now type of tube if 
turbines of higher specific speed are to be used. And unless more 
effective draft tubes arc used, this shows that this factor tends to 
reduce the efficiency of the runner as the specific speed increases. 



For the higher the specific speed the greater the variation in ?’2 
for stream lines (a) and (c), and this has been shown to be undesir- 
able. 

At part gate on any turbine the efficiency and hence h" are 
known to be less than on full load, the latter being taken as the 
load for which the efficiency is a maximum. And if wicket gates 
are used the angle cti is less than at full load so that Fi cos «i 
would appear to be higher. Hence if the right hand side of equa- 
tion (43) is equal to zero at full load, it would have a relatively 
large positive value for a partial opening of the turbine gates. 
Thus Vn 2 would be positive, which agrees with the vector dia- 


radu 01 the discharge edge oi a runner, ana xnis larxer is cnaracuei- 
istic of the profile of the high specific speed runner. Hence this 
theory presents a reason why the part gate efficiency of a reac- 
tion turbine must be less as the specific speed increases. 

The smaller the rate of discharge for a given head the less the 
value of Vi at any point on the outflow edge and hence the less 
the wheel speed necessary to make ai = 90° at this point. Thus 
with any turbine the speed for which the efficiency is a maxi- 
mum decreases as the gate opening decreases. 

92. Limitations of Theory. — The defects of this theory or 
any theory are as follows: In order to apply mathematics in 
any simple way it is necessary to idealize the conditions of flow 
by assuming that all the particles of water at any section move 
in the same direction and with the same velocity. Such is 
very far from being the case so what we use in our equations 
is the average direction and the average velocity of all the 
particles of water. That in itself could easily cause a discrep- 
ancy between our theory and the fact, because the theory is 
incomplete. 

But even to determine accurately these average values that 
are used in the equations is a matter involving some difficulty. 
Thus, though the direction of the streams leaving the runner is 
influenced by the vane angle at that point, it cannot be said that 
the angle is exactly equal to the vane angle at exit. In fact 
the author has roughly proved by .study of a test where some 
special readings were observed that the two may differ by from 
5 to 10 degrees, and that iSj varied regularly for different values 
of <f>. The same thing may be said about the area Ui. Some 
recent experiments in Germany* have shown that there may be a 
certain amount of contraction of the streams and that this con- 
traction varies for different speeds. Thus the true value of 
Ui may be slightly less than the area of the wheel passages. 
These observations concerning Pi and aa apply equally well to 
other angles and areas. 


in <loubtIe.SK tnui that k is not strictly constant here. If it were 
lown just liow k and the dimensions used varied with the speed, 
e theoretical curve could be made to more nearly coincide with 
e actual curve. In addition the expression for shock loss is 
ly !in approximation. But even as it is the discrepancy is not 
fious. 

By the use of the proper average dimensions the equations 
TOii may bo successfully applied to a radial flow turbine. For 
0 mixed flow turbine they will apply approximately. The 



asons for this are that with the mixed flow turbine the radius r 2 
,ries through such a wide range of value that it is difficult to 
: a proper mean value; likewise the vane angle at exit and also 
e area varies so radically that a mean value can scarcely be 
itained with any accuracy. Even if these mean values could 
i obtained the theory would still be imperfect, for the reason 
ited in the first paragraph of this article. 

The value of the angle ai may be taken as that of the angle 
own in Fig. 101, though it may be seen that this is a mean for 
e various stream lines. The velocity of the water through the 
iiVIp vnnps innAr hn dfinotfid bv Vn but. sincB the SDacB between 


by applying the laws of hydi'odynarnics, sucli as equations 
(41), and (42) for example, it is desirable to select the point (J) 
such that the most suitable mean values for use in the eiiuations 
will be obiainedd Such a. point is often said to bo the center 
of the circle shown at entrance to the runner of Fig- 101. The 
diameter of this circle is the shortest line tliat can be drawn from 
the tip of one vane to the next vane. 

A similar procedure should be followed for the point of dis- 
charge if the turbine were a pure rad al flow turbine with all 
points on the outflow edge at the same radius. For the mixed 
flow type of turbine it can be proven that the discharge may b(; 
considered as concentrated at the center of gravity of the out- 
flow area. 

Because of the difliculties of applying the tlieory in a definite 
case numerical results are of doubtful accuracy. But the theory 
has other uses. Thus the theory shows why certain factors aird 
dimensions must vary with the specific speed of the runner. 
It shows that the rate of discharge cannot be constant for a given 
runner at different speeds under a constant head and gate open- 
ing. It shoAvs why certain conditions arc desirable for efficiency 
and how the proper speed may be approximately computed. It 
explains the losses within a turbine and shoAVS AA'hy certain 
characteristics vary as they do. It serves to give the reasons 
Avhy there are fundamental differences in the operating charac- 
teristics of turbines of different types. In other words it will 
in general furnish the reason for any result found in practice. 
And beyond explaining these characteristics, it indicates the 
effect of any change in any direction. 

93. Effect of y. — The ratio of Ai/ag is expressed by y. If y 
is small enough the turbine will be an impulse turbine, the value 
of 0 giving the best speed will be about 0.45, pi/w = 0, and c 
will equal 1.00 if the slight loss in the nozzle is neglected. (Ac- 

1 This procedure Avas not followed however in dealing Avith the Francis 
turbine for which the curve,? in this chapter Avere draAvn. But this turbine 
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varied so us to seeuia; quite u nin}rc of results. 



94. QUESTIONS AND PROBLEMS 

1. Given the diainctor D and the height P of a turbine runner, how can 
one approximately compute the speed and power for any head? 

2. Why does the rate of discharge from a turbine runner x'ary with the 
speed under a fixed head? Why is the velocity of the water entering the 
runner less than V2ph? 

3. Wliat are the conditions necessary for high efficiency of a reaction 
turbine? What effect docs the draft tube have upon this also?. 

4. In what two ways may (f>o be computed? 'Wliat are the fundamental 
differences izivolvcd in these methods? Should the numerical results differ? 

6. What are the various losses of the turbine and how may .they be ex- 
pressed? AVhat is the effect of the draft tube in this? 

6. How may a general equation between speed, discharge, and head be 
derived? 

7. How may a general equation for the hydraulic efficiency of a reaction 
turbine be derived? What does it indicate? 



value 01 tne theory ! 

12. TSTiat effect does the change in the ratio of the area through the guide 
vanes to that at outflow from the runner have upon the values of 0, c, 
and pi/ti>? 

13. A turbine runner 36 in. in diameter and 12 in. high at entrance will 

run at what probable r.p.m. and develop what power under a head of 60 ft.? 
(Assume value of ai.) Ans. N = 317, B.h.p = 890. 

14. In problem (13) suppose the intake to the runner is at a height of 

15 ft. above the tail-water level. What is the probable value of the pressure 
head at this point? Ans. 29 ft. 

16. The dimensions of the original Francis runner were a, = 13°, /S'l = 
115°, = 165°, Ai = 5.87 sq. ft., 02 = 6.83 sq. ft., n = 4.67 ft., and r2 = 
3.99 ft. Compute the values of 0, and c, by the first method given, assum- 
ing e» = 0.83. Do these answers give shockless entrance? Do they give 
as = 90° ? What dimensions could be changed to make both of these con- 
ditions be fulfilled at the speed computed? Ans. 0, = 0.678, Ce = 0.028. 

16. Compute the values of 0, and c. for the Francis turbine in the pre- 
ceding problem by the second method given? Do these answers give shock- 
less entrance? Do they give a-i = 90°? What dimensions could be 
changed so as to fulfill both these conditions at this speed? 

Ans. 0,= 0.643, c, = 0.663. 

17. Francis noted that his runner was not quite properly designed and 

that there was some shock loss at entrance when running at the most effi- 
cientspeed. By test the actual value of 0, was found to be 0.67. Compute 
the corresponding value of Ce and compare with the curve in Fig. 95. As- 
sume k = 0.5. Ans. Ce = 0.655. 

18. Compute the hydraulic efficiency of the Francis turbine of problem 

(15) using the values of 0 and c given in problem (17) and compare with 
value given by curve in Fig. 98. Ans. 0.825. 

19. If this turbine discharges into a draft tube of such dimensions that 
m may be assumed equal to 0.3, compute the value of c for a value of 0, 
equal to 0.675. Compute the hydraulic efficiency. The value of 0« has been 
increased slightly here because of the presumption that the draft tube will 
increase the efficiency of the turbine. Compare with problems (17) and (18). 

Ans. c, = 0.66, Sk = 0.833. 

20. What is the percentage value of the discharge loss from the Francis 
turbine of problem (15), assuming as = 90° and c, = 0.66? For this par- 
ticular turbine, what is the possible gain in efficiency due to using a draft 
tube which would reduce the velocity to zero without loss of energy? (Note. 
V 2 sin as = F2 for 90° and V 2 sin aj = Vs sin ffs = yc V 2gh sin /Sj.) 

Ans. 2.15 per cent. 

21. If the turbine in problem (17) is used under a head nf 39 ft, find tfie 


= 0.804, c = 0.633 by (40), q = 126 5, ca = 0.756, 195 h.p. 



TURBINE TESTING 


96. Importance. — Testing is uecessaiy to accompany theory 
in order that the latter may be perfected until it becomes reliable; 
enoeigh to be useful. Unless the theory agrees with the facts it 
is not true theory but only an incorrect hypothesis. Only by 
means of theory and te.sting working hand in hand can improve- 
ments in design be readily brought about. Thus the ease of 
testing is a measure of the rate of development of any machine. 

Again, if wo are to thoroughly understand turbines, it will bo 
necessary to make a thorough .study of test data in order to appre- 
ciate the differences between different types. Unfortunately 
there is a scarcity of good and thorough test results. 

The only public testing flume in the United States is the one at 
Holyoke, Mass. Nearly 3000 runners have been tested there and 
it has been an important factor in the development of modern 
turbines. The maximum head obtainable there is about 17 ft., 
also it is scarcely possible to test runners above 42 in. in diameter 
because of the limitations imposed by the depth of the flume. 

An acceptance test should always be made when a turbine is 
purchased if it is possible to do so. Otherwise the purchaser will 
have no assurance that the specifications have been fulfilled. 
Thus a case may be cited where the power and efficiency of a 
tangential water wheel were both below that guaranteed as can 
be seen by the following: 



ElficicMcy 

Normal h.p. 

Maximum h.p. 

Guarantee | 

0.800 

3600 

1 5225 

Test 

0.720 

2300 

3500 


In this tabic the normal horse-power means the power at which 
the maximum efficiency is obtained, any excess power over that 
being regarded as an overload. The actual efficiency is 8 per 




for a reaction turbine is shown in Fif*;. 103. The efficiency .s(!- 
cured was higlior than that guaranteed, but it was also attained at 
a much higher liorse-power. If the turbine were then run on tlie 
load specified it would bo operating on part gate all the time and 
at a correspondingly low efficiency. This i.s a common failing 
in “cut and try” practi(!e. A turbine of c.xcess capacity is 



provided; it never lies down under any load put upon it and the 
owner is satisfied. Quite frequently also a turbine which must 
run at a certain speed is really adapted fou a far different speed. 
Thus under the given conditions its efficiency may be very low, 
when the runner might really be excellent if operated at its proper 
speed. A test would show up these defects, otherwise they may 
remain unknown. 

Another reason for making tests would be to determine the 
condition of the turbine after length of service. The effect of 
seven years’ continuous operation upon a certain tangential water 
wheel is seen in Fig. 104. This drop in efficiency is due to rough- 
ening of the buckets, to wear of the nozzle, and to the fact that 
end play of the shaft together with the worn nozzle caused the 
jet to strike upon one side of the buckets rather than fairly in the 
center. It might be noted however that a 7-ft. wheel of the 






some casesj or where vast storage reservoirs are constrvicted at 
considerable expense it is^desirable that water be used witli the 
utmost economy. 



Fia. 104. — Effects of service upon a 42 " tangential water wheel. 

96. Purpose of Test. — The natiu-e of the test will depend upon 
the purpose for which it is made. In a general way there are four 
purposes as follows : 

1. To Find Results for Particular SpecifiedConditions. This will 
usually he an acceptance test to see if certain guarantees have 
been fulfilled. The guarantee will usually specifj'’ certain values 
of efi&ciency obtained at certain loads at a fixed speed under a 
given head. Occasionally several values of the head will be 
specified. 

2. To Find Best Conditions of Operation. Such a test will cover 
a limited range of speed, load, and head; all of them, however, 
being in the neighborhood of the maximum efficiency point. 
A test of this nature will show what a given turbine is best 
fitted for. 



jtter and could also l)e used to verify the theory. 

4. To Investigate Losses . — This test would bo similar to the 
■cceding except that a number of secondary readings of veloc- 
ies, pressures, etc., at various points might be taken. Such a 
st will be of interest chiefly to the designer. 

97. Measurement of Head. — The head should be measured as 
ose to the wheel as po,ssiblo in order to eliminate pipe-line losses, 
he head to be used .should be as specified in either equation (7) 

■ (8) or (9) of Art. 55, according to circumstances. The pressure 
ay be read by means of a [)ressure gage if it is high enough, 
or lower heads, a mercury column or a water column will give 
ore accurate results. Care should be taken in making conncc- 
ens for the pressure reading so that the true pressure may be 
)taincd. The reading of any piezometer tube will be correct 
dy when the tube leaves at right angles to the direction of flow 
id when its orifice is flush with the walls of the pipe. No tube 
•ojecting within the pipe will give a true pressure reading, even 
lOUgh it be normal to the direction of flow.^ 

98. Measurement of Water. — The chief difficulty in turbine 
sting is the measurement of the water used. In some commer- 
al plants the circumstances are such that it is scarcely possible 

measure the water at all and in others the expense is prohibi- 
ve. The necessity of cheap and accurate means of determining 
e amount of water discharged is imperative. 

The standard method of measurement is by means of a weir, 
ir large discharges, however, the expense of constructing a 
itable weir channel may be excessive, and, in case the turbine 
scharges directly into a river, it may be almost impossible to 
nstruct it. In the case of a turbine operating under a low head 
e increase in the tail-Avater level caused by the weir may cause 
serious decrease in head below that normally obtained. This 
juld make the test of little value. However, where it is feasible, 
e use of a weir is a very satisfactory method and should be pro- 
ded for when the plant is constructed. It should be remem- 


^el, but it will not be as great as the weir. At present enough 
perimental data had not been gathered to make this motliod 
plicable in general, but perhaps in the future it may be uh(u 1 
th fair success. 

Either in the tail race or in the head race a Pitot tube, ciurreuL 
;ter, or floats may be used. These methods involve no dis- 
fbance of the head under which the turbine ordinarily operates, 
t they do require a suitable channel in which the observations 
Q be taken. These instruments should bo in the hands of a 
[lied observer who understands the sources of error attendant 
■on their use.® 

The Pitot tube consists of a tube with an orifice facing the 
rrent. The impact of the stream against this orifice produces 
certain pressure which is proportional to the square of the 
locity. If h is this reading in feet of water and K and experi- 
mtal constant, then 

y = KV2gk. 

ace it would be very difficult to determine accurately the height 
the column of water in a tube above the level of the stream 
is customary to use two tubes and read the difference between 
e two. For convenience in reading, the instrument is made so 
at valves may be closed and the device lifted out of the water 
thout changing the levels of the columns, or sometimes both 
lumns may be drawn up to a convenient place. The orifice 
r this second tube is usually in a plane parallel to the direction 
flow and will thus give a lower reading than the other. It does 
it, however, give the value of the pressure at that point, as 
itecl in Art. 97. For low velocities it is desirable to magnify 
is difference in the two readings and for that purpose the orifice 
the second tube may be directed down stream. Its reading 
ill then be less than for the one parallel to the direction of 

> See “ VVeir Experiments, Coeflioienta, and Formulaa,” by R. E. Horton, 
S. G. S. Water Supply and Irrigation Paper No. 160, Revised, No. 200.’ 
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roiidiiifi; of tlic iinpiu!!. 1.ul)o aloiio will bo the Huin of tlio prcKsuro 
lioiul plus the volooity hoad it will be iioeoHsary to ukc two tube's 
in tlu! sanio inannor as in tbo ease of tlic open (diannol. The 
value of /i will be the differenee between these two readiiiKS, 
and the value of K must bo detenniuod experimenl.ally. If, 
howcvci', oidy one orifice is used and the pressure is determined 
by a piezomivter tube with its orifice lyinj; flush with the walls of 
the pipe the difference between these two readings may be con- 
sidered e(iual to the velocity head, that means the value of K = 1.0. 

For the tanp;ontial water wheel the Pitot tube may also be 
used to determine the jet velocity. In such a case only the 
imi)act tube is required. While it is well to determine the value 
of K experimentally, yet if the tube is properly construeted it 
may be taken as 1.0. A (dicck on this may be obtained as follows : 
It is 'probably true that the maximum velocity obtained at any 
point in the jet is the ideal velocity. The latter can be computed 
from the head back of the nozzle and the value of K should be 
such as to make the two agree. Either in the pipe or the jet it is 
desirable to take a velocity traverse across each of two diameters 
at right angles to each other. Li computing the average velocity 
it is necessary to weight each of these readings in proportion 
to the area affected by them.* 

Chemical methods arc often of value. If the pipe line is 
sufficiently long a highly colored stain may be added to the water 
at intake and the time noted that it takes the color to appear in 
the tail race. From tliis and the pipe dimensions the rate of 
discharge can be computed. A second chemical method is 
to inject a salt solution into the water of known concentration and 

’ See “Application, of Pitot Tube to Testing of Impulse Water Wheels,” 
by Prof. W. R. Eckart, Jr., InsHlulion of Mechanical Engineers, Jan. 7, 1910. 
Also printed in Engineering (London), Jan. 14, 21, 1910. 

Engineering News, "Vol. LIV, Dec. 21, 1905, p. 660. See also Zeitschrifl dcs 
var. deui. Ing., Mar. 22, 29, and Apr. S, 1913. Eor useful information rc- 
cnrHInir n.ll t.liR mol.lmd.s nf tn R.iRiirnnrifint iriven here see ITuches and Safford. 


brake or absorption dynamometer.^ 

The use of a simple brake is restricted to comparatively small 
poAvers. For large powers it becomes rather expensive and diffi- 
cult. A good absorption dynamometer may be used satisfac- 
torily for fairly large powers but the drawback is one of initial 
expense. In many cases also where turbines are direct connected 
to electric generators it may be impossible to attach a brake of 
any kind. 

In such cases it is irecessary to supply an electrical load for 
the generator and determine the generator efficiency. However, 
this method of testing involves a number of instrument readings 
which may be more or less in error and a rather complicated 
process of computation. Nevertheless it can be done with very 
satisfactory results. One drawback about it is that the speed 
cannot be varied through the same range of values as in the brake 
test. The output of the generator may be absorbed by a water 
rheostat which will furnish an absolutely constant load. If it 
is a direct-current machine this rheostat may simply consist of 
a number of feet of iron wire wound on a frame and immersed in 
water to keep it cool. This water should be running water or a 
large pond so that its temperature may not change. The current 
is shorted through this coil; the load is varied by changing the 
length of wire in use. For a three-phase alternator the rheostat 
may consist of three iron pipes at the vertices of an equilateral 
triangle with a terminal connected to each. The load is varied 
by changing the depth of immersion of the pipes in water.® 

A good method recently employed in a hydro-electric plant 
where there are two or more similar units is to let one alternator 
drive the other as a synchronous motor. The second rotates 
the impulse wheel or reaction turbine in the reverse direction. 

^ B. F. Groat, “ Chemi-liydrometry and precise Turbine Testing,” Trans. 
A. S. C. E., Vol. LXXX, p. 951 (1915). 

’ C. M. Allen, "Testing of Water Wheels after Installation,” Journal 
A. S. M. E., April 1910. 


LI smooth curve slioulcl be drawn in all eases. Also if any readings 
should follow a law which is any approach to a straight line it is 
licttcr to work from values given by that line rather than from 
the experimental values them.sclvcs. Thus if a turbine be tested 
at constant gate opening and at all speeds, the curve showing the 
relation between speed and cfTicicncy may be drawn at once from 
the expcrimenal data. However, a more accurate curve can be 
constructed by noting that the relation between speed and brake 
reading is a fairly straight line. See Fig. 8G. This is not a 
straight line but the curvature is not very marked so that it may 
lie drawn readily and accurately. Values given by this curve 
may then be used for constructing the efliciency curve. Again, 
when a turbine is tested at constant speed, it should bo noted 
that the relation between input and output is not a straight line 
absolutely, but it is approximately so. If any point falls de- 
cidedly off from a straight line it is probably in error. From 
the line giving the relation between input and output the efli- 
ciency curve may be constructed. 

In computing the true power in a jet it might also be noted that 
it is not that given by using the square of the average velocity but 
something 1 or 2 per cent, higher than that. I.’he reason is that 
the velocity throughout the jet varies and the summation of the 
kinetic energy of all the particles is not that obtained by using the 
average velocity.'- 

101. Determination of Mechanical Losses. — With the tangen- 
tial water wheel the mechanical losses will consist of bearing 
friction and windage. With the reaction turbine they will 
consist of the bearing friction and the disk friction due to the 
drag of the runner through the water in the clearance spaces. 
There are several ways of determining this but the retardation 
method is probably as satisfactory as any. The turbine is 
brought up to as high a speed as is possible or desirable and the 
power shut off. As the machine slows down readings of instan- 

1 T.. M. Hoskins. “Hydraulics.” n. 119. 



readings will then enable us to find the average speed correspond- 
ing to the middle of this time interval. 

The power lost at any speed is equal to a constant tinic.s the 
subnormal to the curve at that speed. If L ecpials the power lost 
then 

L = K X IW. 

For the proof of this proposition see A])peiidix A. 



Fio. 105. — lletarclalion curvos. 

To determine the value of the constant K a second run is 
necessary with a definite added load. This load, which may be 
small, may be obtained by closing the armature circuit on a 
resistance if a generator is used in the test or by applying a 
known torque if a Prony brake is used. With the first method 
a watt-meter should be used and the load kept constant for a 
limited range of speed, with the second method the torque should 
be kept constant for a limited range of speed. If this known 
added load be denoted by M we then have 

L + M = KX B'D'. 

Since L is the only unknown quantity except K it may be elimi- 
nated from these two equations and we have 




1. Wlial. ia Uio viiluo of I, eating a turbine upon installation? What is the 
alue of teating one that lias boon in operation for some time? What is 
u) value of a Holyoke test to the purchaser of another runner but of similar 
rpo? Is it olieapor to increase the power output of a plant by additional 
.instruction or by iiniiroving the elHcicncy? 

2. What are tho various purposes for which turbine tests may be con- 
iictedY What conditions would bo varied for each of these and what kept 
instant? 

3. What methods of luoasuring the rate of discharge are usually employed 
1 turbine tests? 

4. Ill what ways may the power output of a waterwheel bo absorbed and 
leusnrcd? 

B. A ease is reported where tests conducted at an expense of 35000 resulted 
i changes which improved the elKciency of the turbines 1 per cent. If the 
ipaoity of tho plant is 100,000 h.p. and 1 h.p. is worth 3100, what would 
B the value of the gain in efRcicncy, assuming the changes cost 320,000? 

6. In the Cedars llaiiids turbines the area of tho w’ater passages at en- 
■anco to tho easing = 1080 sq. ft. iier unit, elevation of section above tail 
ater = 10 ft., and pressure head at this point = 20 ft. The area of tho 
louth of the draft tube = 1050 sq, ft. Tho test show'ecl the power output 
) bo 10,800 h.p. with a rate of discharge of 3450 ou. ft. per second. Cal- 
ilnte two values of the cflieienoy, using two values of the head. 

7. In the test of a reaction turbine the water flowing over the weir in the 
lil race was found to be 39.8 ou. ft. per second. The leakage into the tail 
ICO was found to be 1 cu. ft. per second. The elevation of the center line 
i the shaft above tho surface of the tail water was 12.67 ft. The diameter 
1 the turbine intake was 30 in. and the pressure at this section was moas- 
red by a mercury TJ tube. The readings in the two sides of the mercury 
' tube were 10.556 ft. and 0.900 ft., the zero of tho scale being at a level 
82 ft. below that of the center line of the turbine shaft. The generator 
utput was 391.8 kw., friction and windage 13.8 kw., iron loss 2.0 kw., and 
[•mature loss 4.4 kw. The specific gravity of the mercury used was 13.57. 
ind: Input to turbine, output of turbine (generator being excited from 
iiother unit), offioicncy of turbine, efficiency of generator, efficiency of set, 

Ans. h = 141.80 ft., 625 w.h.p., 550 b.h.p., 0.880, 0.961, 0.837. 


GENERAL LAWS AND CONSTANTS 

103. Head. — The theory that has been presented has made it 
clear that the'speed and power of any turbine depends upon tin; 
head under which it is operated. The peripheral speed of any 
runner may be expres.sed as Ui = <l>\/2(ih. It has also ))CGn 
shown that for the best efficiency <!> must have a certain value de- 
pending upon the design of the turbine. It is thus apparent that 
the best speed of a given turbine varies as tlic square root of tins 
head. 

The discharge through any orifice varies as the square root of 
the head, and a turbine is only a special form of discharge orifice. 
Since Vi = c\/2gF, and since a definite value of c goes with the 
best value of as given above, it follows that the rate of discharge 
of a given turbine varies as the square root of the head. 

Since the energy of eaclr unit volume of water varies as the 
head, and since the amount of water discharged per unit time 
varies as the square root of the head it must then bo true that the 
power input varies as the three halves power of the head. 

In reality the rate of discharge through any orifice is not strictly 
proportional to the square root of the head, that is, the coeffi- 
cient of discharge is not strictly a constant but varies slightly 
with the head. However, the variation in the coefficient is small 
and inappreciable except for very large differences in the head. 
Therefore the above statements are accurate enough for most 
practical purposes. 

The theory has also shown that the losses of head in any tur- 
bine vary as the squares of the various velocities concerned. 
This rests upon the assumption that the coefficient of loss k is 
constant for all values of h as long as 4> remains constant. That 
is probably not true, but may be assumed as true for all practical 
purposes. Since these velocities vary as the square root of the 
head their squares will vary as the first power of the head. The 
amount of water varies as the square root of the head and. since 



uiciiangcci. liic mociianicai losses really iollow dmerent laws 
it different speeds, as ean be seen in Fig. 100. The factors which 
nliuence this are rather complicated and it does not seem possi- 
>Ie to lay down any rule to express mechanical losses as a func- 
iiou of the speed. It is probably true, however, that these losses 
ncrcasc faster than the first power of the speed but not much 
aster than the square of the speed. Since the speed varies as 



IUg. lOG. — rricUon and windage of a 24" tangential water wlieel. 

le square root of the head it, is seen that if the friction losses 
ary at the same rate as the hydraulic losses they must increase 
3 the cube of the speed. As they do not do so, it is apparent 
lat the gross efficiency will be higher the higher the head under 
hich the turbine operates. The change in the gross efficiency 
ith a change in head is most apparent when the latter is very 
iw. As the head increases the mechanical losses become of 
nailer percentage value and the gross efficiency tends to approach 
le hydraulic efficiency, which is constant, as a limit. Thus 
lere is little vai-iation in efficiency unless the head is very low. 

The mechanical losses are I’eally comparatively small being 



essary to test a turbine under a certain iiead wliicJi is dnierciit 
from the head under which it is to be run. The question may 
then arise as to how far the test results can be applied to the new 
head. As long as the two heads are not radically dilloront wc 
may state that they will apply directly. If there is a large differ- 
ence in head we may expect that the efficiency under the higher 
liead may be one or two or more per cent, higlier. This is borne 
out by some tests made by P. G. Switzer and the author where tlie 
head was varied from 30 ft. to 175 ft. and later from 9 ft. to 305 ft. 

It is customary to state the performance of a turbine under 
one foot head . Then by means of the above relations we may easily 
tell what it will do under any head. If the suffix (1) denotes a 
value for one foot head we may then write, 


N = JV,V/i 

(44) 

> 

II 

(45) 

h.p. = h.p.i 

(46) 


It must be noted that these simple laws of proportion may Ire 
applied only when the speed varies with the head in such a way 
as to keep constant. The value of need not necessarily be 
that for the highest efficiency. But if the speed does not change 
or if it varies in some other way so that 4> is different, the results 
under the new head cannot be computed save by complex equa- 
tions, such as those of Arts. 87 and 88, or by the use of test curves 
such as those of Figs. 95 and 96. 

104. Diameter of Runner. — When a certain type of runner has 
been perfected a whole line of stock runners of that type may then 
be built with diameters ranging from 10 to 70 in. or more. All 
of these lunners will be homologous in design, that is they will 
have the same angles and the same values of the ratios x, y, 
and B/D. Each runner will simply be an enlargement or 
reduction of another. They will then have the same character- 
istics, that is, the same values of <l>e and Cf, and will therefore 
follow certain laws of proportion. 



ui wuuii u awiius, inu uibunargo wui uc proporoioiiai lo line area /i i. 
But if the runners are strictly homologous the area Ai will be 
proportional to the square of the diameter. It will therefore be 
true that the discharge of any turbine of tlie .series will be pro- 
portional to the square of the diameter. 

Since the power is directly related to the discharge it also fol- 
lows that the power of the turbine is proportional to tlie square 
of the diameter. 

These relations arc of practical value because if the speed, 
discharge, and power of any runner is known by accurate test, 
predictions may then be made regarding the performance of any 
other runner of the scries. These laws may not hold absolutely 
in all cases because the series may not be strictly homologous, 
that is the larger runners may differ slightly from the smaller 
ones. Also it will no doubt be true that the efficiency of the larger 
runners will bo somewhat higher than that of the smaller ones. 
It may also be found that careful tests of two runners made from 
the same patterns will not give exactly the same results clue to 
difference in finish or other imperceptible matters. Despite 
these factors, however, the relations stated are true enough to be 
used for most purposes. 

106. Commercial Constants. — For a given turbine the maxi- 
mum efficiency will be obtained only for a certain value of </>. 
All tables in catalogs of manufacturers as well as all values given 
in this chapter are based upon the assumption that the speed will 
be such as to secure this value of ft>. Substituting values of N 
and D for Ui in' the expression Ui = •i’V' 2gh, we obtain 

where D is the diameter of the runner in inches. From this may 
also be written 

DN 

^ = 0.000543 - 77 (48) 

V/i 

Since is constant for any series of runners of homologous 



DN 

= 790 to 870. 

V/i 

For the reaction turbine; 

• <l>. = 0.55„to 0.90. 

DN 

--r- = 1050 to 1600. 

V 

If values outside these limits are met with it is because the speed 
is not the best or because the nominal value of D is not the true 
value. 

106. Diameter and Discharge. Since, for any fixed gate open- 
ing and a cons! ant value of the rate of discharge of any runner 
is proportional to the square of its diameter and to the square 
root of the head, we may write 

2 = KxDWh ( 49 ) 

The value of Ki depends upon the velocity Vi and the area .Ai. 
The former depends upon the value of c (Art. 83), and thelattcv 
depends upon the diameter D, the height of the runner B (Fig. 
34), the value of the angle ai, and also the number of buckets 
and guides. 

Since there are so many factors involved, it will be seen that a 
given value of Ki can be obtained in several ways. For some 
purposes it might be convenient to express these items by sepa- 
rate constants but for the present purpose it will be sufficient 
to cover all of them by the one constant. 

The lowest value of Ki will be obtained for the tangential water 
wheel with a single jet. For this type of wheel tlrere is evidently 
no minimum value of Ki below which we could not go. The 
maximum value of /fi is, however, fixed by the maximum size of 
jet that may be used. (See Art. 30 and Art. 74.) Using this 
maximum size of jet we obtain a value of Ki — 0.0005. How- 
ever the more usual value is about JCi = 0.0003. There is seldom 
anv reason for usina a larce difl,motp.r nf wheel wii.h n. smn.ll lot 



350. Those arc not absolute limits but they cannot be ex- 
eded very much and to do so at all would mean to extend our 
oirortions of dcsifin beyond present practice. For the usual 
n of stocik turbines values of Ki vary from 0.005 to 0.025. To 
mmarize: 


)r the tangential water wheel Ki — 0.0002 to 0.0005 
)r the reaction turbine Ki = 0.001 to 0.050 


107. Diameter and Power. — Since the power of any runner is 
oportional to the square of the diameter and to the three-halves 
iwer of the head, we may write 

h.p. = (50) 

3 the power is directly dependent upon the discharge it is 
ident that the discussion in the preceding article will apply 
[ually well here. may be computed dh'ectly from JCi if the 
Sciency is known, or it maj^ be determined independently by 

St. 


jr the tangential water wheel Ki = 0.000018 to 0.000045 
31' the reaction turbine Ki = 0.00008 to 0.00450 


108. Specific Speed. — In Art. 105 we have the relation between 
ameter and r.p.m.; in Art. 107 we have the relation between 
ameter and power. It is now deskable to establish the rela- 
jn between r.p.m. and power as follows: 

,'om (47) 

D = 

N 


;'om (50) 


vk,d - 


ibstituting 

ive 


the above value of D in the second expression we 
/ ;>-184O0 \/A _ s/h.p. 


By then varying the diameter oi tiie runner tne vame oi 
will change in an inverse ratio, but the square root of the hor 
power varies directly as D. Thus the product of the two or 
remains constant for all values of D as long as the series is hon 
logous. If a value of D be chosen which will make the h.p. 
1.0 when A = 1 ft., wc then have iV, = N. 

That is, the specific speed is the speed at which a turb 
would run under one foot head if its diameter were such thal 
would develop 1 h.p. under that head. The specific speed 
also an excellent index of the class to which a turbine belongs a 
hence the term type characteristic is very appropriate. Th 
is no standard symbol used by all to denote this constant. thou 
N, is quite common. Other notations are iV,„ Kt, and mimeix 
others. In Europe the specific speed will bo expressed in met 
units; to convert from one to the other multiply Ns in Engl 
units by 4.45. 

It should be noted that the power to be used in this formuk 
the power output of the machine. Thus the efficiency is invoh 
in the value of N,, though it docs not appear directly. In 1 
case of a Felton wheel with two or more nozzles, the power to 
used is that corresponding to only one jet. In the case of mu^ 
runner units, the specific speed should be computed for 1 
power of one runner. 

For any turbine the value of jV, is a constant, so long as i 
speed of the turbine is varied as the square root of the hei 
For inV varies as Va and the power varies as A^^ it is seen tl 
N -s/ h.p. varies as A^‘. Also for a series of homologous runners 1 
square root of the power increases with D directly while the spe 
N varies inversely. Thus the factor is a constant for all turbh 
of the same type. 

The value of the specific speed is ordiirarily computed by eqi 

*h ^ = h X = h 


U: = ttDN /72Q = ^r\/2(j}i 

From which Z) = 72Q(l)\/2gli/'!rN (52) 

Also, if 7? = viD, 

q = (0.957rBJ[)/144)F,i = 0.95xmD'*CrV'2(j/i/144 (53) 

where 0.95 is a factor to compensate for the area taken up by the 
runner vanes. 


Since BJi.p. = v)qhe/550 

B.h.p. = 0.95 %vW2(jm e/144 X 550 (54) 


Eliminating D between the simultaneous equations (52) and (54) 
and reducing, we have (giving </) the special value 0^) 


N. = = 252^Vcr X“m X e (65) 


This equation shows how the value of the specific speed may be 
varied m the design by means of the factors cl>c, Cr, and m.' 

An instructive form, however, is that of Lewis F. Moody, in 
which the diameter of the draft tube is represented as nD, and 
the discharge velocity head Vi^/2g = Lh, where L is the frac- 
tional part of the head h that is lost at discharge from the runner. 
(Of course an efficient draft tube is relied upon to recover a part 
of this). With these we may write 


(Z = 


ir{nDy 
4 X 144 


V. = 


X V2!//i 


(56) 


Substituting this expression for q in that for horsepower, we 
obtain 

B.h.p. = wW2gn^DWLhe/4 X 144 X 550 (57) 

Eliminating D between the simultaneous equations (52) and (57) 
and reducing, we have 


A'. = = 129.5a<^„VVLVe (58) 

fv* 

^In a similar manner tlie specific speed for ;i Polton wheel may be shown 
to be, N, = 1290„\/ c^e-^ where d = jet diameter in inches. Since, for the 


increased, but it also will reach a definite limit, which is something 
under 1.0. The efficiency cannot readily be increased any more 
than for lower specific speed runners and as a matter of fact, is 
abeady decreasing. Thus after these factors have reached their 
maximum limits, so that they may be assumed to be constant, the 
only means of increasing N, any further would appear to be liy 
increasing L. Thus 

NsO:\/^L ov LccN,'^ (59) 

But after this limit is passed so that equation (59) aiijilies, 
the outflow loss increases much faster than the specific speed. 
Even with the best of draft tubes a certain percentage of L 
must be lost eventually and hence e is rapidly reduced. The 
outflow conditions thus impose a maximum limit upon JV«. 

For the lower values of N, the outflow loss becomes of small 
consequence, but other factors then enter. The chief of these arc 
the leakage losses and the disk friction. For with small values 
of the specific speed the runner becomes relatively large in 
diameter and correspondingly narrow. The area of the spaces 
through which water can leak becomes of greater percentage as 
compared with the area through the runner. And the percentage 
of the power consumed in rotating the large diameter runner- 
through the water in the clearance spaces becomes of increasing 
importance. If we assume that the power lost in disk friction 
varies as DW®, it may be readily shown by combining this vdth 
equations (51) and (52) that the power so lost varies as 
After <t>e has been reduced to its minimum, which approaches 
0.50 as a limit, any further decrease in N, increases the disk fric- 
tion loss much more rapidly. Also as is decreased c, must in- 
crease (approaching unity as a limit), as shown by equation 
(39), and consequently decreases (approaching zero as a limit). 
But this is undesirable, due to the danger of oxidation of parts of 
the runner. 

In view of these facts, it maj''be shown that the minimum allow- 
able value for the specific speed of a reaction turbine is about 10. 



A very rocent type of turbine runner proposed by Nagler is 
of an axial flow typo and is similar to a screw propeller. The 
in’osont specific speed of this type is 165 and it is possible that 
tliis may bo extended in the future.^ 

The impulse turbine runs in air and thus the disk friction loss 
for it becomes windage loss, which is of less consequence. There 
can be no leakage loss with this type and also the reduction 
of the pressure to atmospheric gives rise to no trouble. Hence 
this type of turbine is suitable for specific speeds below those for 
the reaction turbine. For the tangential water wheel there is 
no definite lower limit to its specific speed, save that the windage 
loss affects it in a similar manner to the disk friction in the case 
of the low-speed reaction turbine. But as the specific speed of a 
Felton wheel is increased the size of the jet must become larger 
in proportion to that of the wheel and for the reasons already 
given there is a limit to this. The further increase in ratio of 
jet diameter to wheel diameter cause.? the efficiency to rapidly 
decrease, due to loss of water past the buckets. There have been 
cases of tangential wheels with specific speeds of less than 1 and 
maximum values of 6, though the latter involves some sacrifice 
of efficiency. The usual range in practice is from 3 to 4.5. 

It will be seen that there is a gap in the values of N, between 
the tangential water wheel and the reaction turbine. Similar 
gaps are also found for the values of Ki, and Kz. In Europe a 
few two-stage radial inward-flow reaction turbines have been 
built and these could have lower values of the specific speed than 
10. And by the use of two or more nozzles on one impulse wheel 
runner, the value of Ns for the tangential wheel can be increased 
above the 5 or 6 set as the limit for the single nozzle. Thus the 
entire field ean be covered. 

To recapitulate: 

For the tangential water wheel Ns ~ 3.5 to 4.5 (6 max.) 

For the reaction turbine N, = 10 to 100. 


they may be used for the determination of these factoi’s. If 
all the runners of the series were strictly homologous it would 
be necessary to compute these constants for one case only. 
Actually variations will exist with different diameters of runners 
and thus there will be some variation in the values secured. 
Since each manufacturer usually makes several lines of runners 
so as to cover the field to better advantage, there will be as many 
distinct values of these constants as he makes types of runnens. 
If the catalog tables are purely fictitious then the computations 
based upon them will not bo very reliable. 

110. Illustrative Case. — In order to illustrate the preceding 
article the following tables arc given. For the sake of compari- 
son only two firms out of many are chosen for this case. The 
values given are based upon catalog tables. Since Kz depends 
upon Ki it has been omitted to save space. 


Table 3. — James Leefel and Co. 


Typo 

1 

<f> 

K> 

1 

Standard 

0.722-0.727 

0,0001-0,0064 

30.8-32.0 

41.0- 43.2 
61 , 5-01 . 0 

71.0- 73.5 

Special - . , . 

0.750-0.779 

0.0094-0.0007 

Samson 

0.838-0.844 

0.0170-0. 0171 

Improved Samson 

0.856-0.880 

0.0220-0.0220 



Table 4. — Dayton Globe Ikon Wokks Co. 


Type 

0 

Kx 

N . 

High head type 

0.578-0.585 

0.0051-0.0064 

22.8-26.0 

American 

0.662-0.704 

0.0054-0.0080 

25.0-32.3 

Special New American 

0.G97-0.727 

0.0175-0.0205 

50.0-57.4 

Improved Now American. . . 

0.886-0.944 

0.0233-0.0263 

78.2-80.6 


This table shows the variation in constants that might be ex- 
pected, and shows also how each firnr attempts to cover the 
around. It will be noticed, how^ever. that the t wo do not nrrrfiA 



(losign — it would not lie a stock turbine, and would therefore 
l)e more expensive. 

111. Uses of Constants. — After these factors are determined 
it will tluiii be easy to find what results may be secured for any 
size turbine of the same de.sign under any head. Another use 
for them is that when the limits arc fixed they will enable one 
to tell what is possilrle and what is not. In the next chapter 
it will be shown how they are of direct use also in the selection 
of a turbine. 

112. NUMERICAL ILLUSTRATIONS 


1. The last of a lO-in. ruuiior umlor a 2.5-fl.. head gave tliu following as 
the bc.yt roHiiUs: N — '100, (j = 17.5 cu. ft. ]>(;r rccoiuI, h.p= 15!).8. Find 
the coastants. 


0.000543 ^ = 0.000 

5 

17.6 


From (48) </) 

From (40) /C = jqVx's = O.OJ3(38 

• 0(\ Q 

From (60) Aj ■= ,^2 = 0.00124 


„ 400 X6.32 

From (61) N, = gg g-- • = 45.2 


2. Suppose that a 40-in. runner of the same design as in problem (1) is 
used Under a 160-ft. head. Compute the speed, discharge, and horse-power. 


From (47) N = 


1840 X 0.606 X 12.25 
“40 ■■ 


392 r.p.m. 


From (49) q = 0.01368 X 1600 X 12.25 = 268 cu. ft. per second 
Fi'om (34) 0.00124 X 1600 X 1838 = 3650 h.p. 

3. Suppose that turbines of the type in problem (1) wore satisfactory for 
a certain plant but that the number of the units (and consequently the 
power of each) and the speed ha-s not been decided upon. If the head is 
150 ft., then by (51) 

N xVh-V- = 45.2 X 525 = 23,730. 


. By the use of different diameters of runners of this one type the following 
results can be secured : 


14,100 h.p. at 200 r.p.m. 



300 r.p.m., 16 units at 600 r.p.m., or 36 units at 900 r.p.m. If none of tlio 
possible combinations were suitable it would bo neocasaiy to use another 
type of turbine — ^tbat is one with a different value of N,. 

By equation (50) the diameters are found to be 52.3 in., 20.2 in., and 
17.6 in. for 300, 600, and 900 r.p.m. respectively. 

4. Compute values of <)>, Ki, K 2 , and N, for each of 'the turbines who.sc; 
tests are given in Appendix C: (a) for the point of highest cflioionoy, (h) 
for the point of maximum power. 


113. QUESTIONS AND PROBLEMS 

1. How do the speed, rate of discharge, power, and cirieioncy of a turbine 
vary with the head, the value of <j> remaining constant? Why? 

2. Suppose the speed of a turbine remains constant while the head changes, 
how will the rate of discharge, power and efficiency vary? What is neces- 
sary in order to an-swer this question? 

3. How do the speed, power, and efHoicncy vary with the diameter of a 
series of homologous runners? Why? How do tlicsc quantities change 
when both the head and diameter are different, the runners being of the 
same type, however? 

4. What is the physical meaning of the term “specific speed?” Why are 
the terms “type charaoteristio” and “characteristic speed” also appropriate? 
How may the value of this factor be changed in the design of the runner? 

6. What Limits the maximum and minimum values of the specific speed 
for reaction turbines? For impulse wheels? Why do the latter have 
lower specific speeds than the former? 

6. If a turbine gives an efficiency of 82 per cent, when tested under a 
head of 10 ft. what would you estimate its elficiency to be if installed under 
a head of 100 ft.? Under a head of 225 ft.? If the test of a 27-in. runner 
under a head of 160 ft. gives, as the best results, N = 600, q = 40, h.p. = 
560, what will be the speed, rate of discharge, and power of a 54^in. runner 
of the same type under a head of 50 ft.? 

7. If a turbine is desired to run at 300 r.p.m. under a head of 60 ft., wliat 
are the minimum and maximum diameters of runners that might be used? 
If 30 cu. ft. of water per second is to be used under a head of 60 ft., what 
range of diameters might bo employed? 

8. Suppose that a type of turbine, whose specific speed is 80, is suitable 
for use in a certain plant where the head is 16 ft. What combinations of 
h.p. and r.p.m. are possible? 

9. If a tangential water wheel was desired to deliver 1000 h.p. under 


UUD r311VJ>>ii 111. C^Xj blUllO iXXL> 


wlioso dimensions arc given in problem. (11) had a value 
tlic per cent, of the total head that is equal to the velocity 
rom the runner? 


CHAPTER XII 


TURBINE CHARACTERISTICS 

114. Efficiency as a Function of Speed and Gate Opening. 
In Fig. 87, page 112, it has been shown how the power, and hence 
the efficiency, of an impulse turbine varies witli the speed for 



any gate opening; and in Fig. 91, page 115, how the efficiency 
varies with the power at different gate openings at a uniform 






Brake Horse-Power under i Ft. Head 

Fig. 108. — Eflioionoy-powcr curves for different speeds under same head. 


Thus in Fig. 107 the maximum value of the efficiency is found 
at 0.820 gate and at such a speed that = 0.780, but the maxi- 
mum power is found at 1,103* gate and at such a speed that 
<f> = 1.03. The efficiency in the former case is 0.88 and in the 
latter 0.77. In Fig. 108 are shown eJficiency curves as a function 
of power for values of ^ = 0.64, 0.78, 1.03 and 1.10. 

1 This statement does not hold in the case of the cylinder gate turbine, 
where maximum power and maximum efBciency coincide at full gate, but 
this type is of little importance at present. 

* The numbers indicating the extent of the gate opening are purely 
n.rbitrarv and 1.0 doe.s not necess.arilv indicate the ma.ximum trate onenine. 



if the load is variable and especially it it is apt to be light tor long 
periods of time a lower value of the speed might give a higher 
average efficiency, though the peak is not so high. On the other 
hand it may be deemed worth while to sacrifice efficiency for the 
sake'of capacity and increased speed, which could be attained by 
using the higher values of the speed. It should be borne in mind 
that some of these results might be better attained with another 
type of turbine, but the latter is a subject for consideration in 
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Fio. 109. — Poner and officionoy of a turbiuo at conatant speed under different 

heads. 

the next chapter. We are here studying the possibilities of 
a single turbine or at least a single type of turbine. 

It must be remembered, as explained in Art. 20, that the head 
is apt to vary for many water power plants, especially those under 
low head. If the head decreases in time of flood, the power 
output of the turbine may be seriously reduced. Under these 
circumstances the important consideration is the maximum 
power output. Since there is a superabundance of water for the 
time being, efficiency is a secondary consideration. While 
efficiency under the normal head is of importance, it might be 
sacrificed to some extent in favor of a speed which would be such 
as to give the maximum power under flood conditions. It is 




the speed for the normal head, the rcsvilts under all other con- 
ditions will be altered, and careful study must be made of all 
the variables to decide what is best. 

116. Specific Speed an Index of Type. — Both the elements of 
speed and capacity are involved in the .specific speed. It was 
stated in Art. 38 that both speed and capacity were merely 
relative terms; that is, a high-speed turbine is not necessarily 
one which runs at a high r.p.m., but one whose speed is high 
compared with other turbines of the same power under the same 
head. In like manner a high-capacity turbine is not necessarily 
one of great power but merely one Avhose power is high compared 
with others at the same speed under the same head. Since 

Na = it is evident that a low-speed, low-capacity turbine 

will be indicated by a low value of N, and a high-speed high-ca- 
pacity turbine by a high value of N,. As stated in Art. 108, 
values of Na for the tangential water wheel may I'un up as high 
as 5 or 6, for the reaction turbine they range from 10 to 100. 
Values in the neighborhood of 20 indicate a runner such as Type 
I in Fig. 34, while values in the neighborhood of 80 indicate 
Type IV. Thus when the speed and horsepower of any turbine 
under a given head are specified the type of' turbine necessary 
is fixed. 

Other things being equal, it is seen that a high head means a 
comparatively low value of N, while a low head means a high 
value. Aside from any structural features it is apparent that a 
high head calls for a tangential water wheel or a low-speed re- 
action turbine, while a low head demands a high-speed reaction 
turbine. However, the head alone does not determine the value 
of Na- So far as the r.p.m. is concerned there may be consider- 
able variation, yet neither a very low nor a very high r.p.m. 
is desirable and for the present purpose we may suppose that it 
is restricted within narrow hmits. The value of Na will thus 
be affected by the power of the turbine as well as the head. If 
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ing variety of values of Ne for the particular turlhiu^. It is thus 
necessary to define the speed and power for which tliis factor is 
to be computed, if it is to have a definite value for a given runner. 
The current practice is to rate turbines at the inaxiimnn giiar- 
anteed capacity, the actual maximum capacity being u.sually 
slightly greater than tliis, since the builder alhjw.s a small margin 
to insure his meeting the guarantee. The nominal specific 
speed is that corresponding to this rated capacity at a stated 
speed. But under a given head the turbine ,si)(!(al might bo 
selected from a limited range of values, as explaine.d iu Art. 114. 
It may be seen that, thougli the true maximum power of tlio 
turbine is a definite value, the actual maximum power it caii de- 
liver at full gate, under the operating conditions, dopends upon 
the speed at which it is run. Hence the value of N„ as thus 
computed, varies with the speed, and is not a perfectly dedinito 
value. Despite this, the value of specific speed is usually so 
computed because the rated capacity is often known wlion the 
power and speed for maximum efficiency arc not. 

For accurate comparisons of one turbine witli another and for 
exact work, it is best to select the values of power and speed for 
which the true maximum efficiency is obtained. The value of 
Ne, SO computed, may be called the true specific speed. Since 
this is based upon a single definite point, there (uin be but one 
value for the turbine. 

116. Illustrations of Specific Speed,— For a turbine of 2000 
h.p. at 1000 r.p.m. under 1600 ft. head the value of N, is 4.42. 
Thu.s a very low-speed turbine, the tangential water wheel, is 
required. The actual r.p.m., however, is high. 

For a 5000 h.p. turbine at 100 r.p.m. under 36 ft. head N. 
equals 80.3. Thus a high-speed reaction turbine is indicated, 
though the actual r.p.m. may be relatively low. 

Suppose that a 12-h.p. turbine is to be run at 100 r.p.m. under 
a 36-ft. head, the value of the specific speed is 3.95, which means 
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If 10,000 h.p. is required at 300 r.p.m. under a 60-ft. head, 
the value of N, would be 179.5. As this is an impossible value 
it would be necessary to reduce the speed or to divide the power 
up among at least 4 units of 2500 h.p. each. 

117 . Selection of a Stock Turbine. — ^The choice of the type 
of turbine will be taken up in the next chapter. For the present 
suppose that required values of speed and power under the given 
head are determined. The value of the specific speed can then 
be computed and will indicate the type necessary. If the tur- 
bine is to be built as a special turbine nothing more is to be done 
except to turn the specifications over to the builders. 

If, however, the turbine is to be selected from the stock run- 
ners listed in the catalogs of the various makers, it will be 
necessary to find out what firms are prepared to furnish that 
particular type of runner. It would be a tedious matter to 
search through a number of tables in numerous catalogs to find 
the particular combination desired, but the labor is avoided by 
the use of the constants given in the preceding chapter. It will 
be necessary merely to compute values of specific speeds of tur- 
bines made by different manufaclurers. This can be quite readily 
done and such a table will always be available for future use. 

A make of turbine should then be selected having a value of 
N, very near to the value desii-ed. The value of Ns ought to 
be as large as that required, otherwise the turbine may prove 
deficient in power, and for the best efficiency under the usual 
loads it should not greatly exceed the desired value. Having 
selected several suitable runners in this way, bids may be called 
for. These bids should be accompanied by official signed re- 
ports of Holyoke tests of this .size of wheel or the nearest sizes above 
and below, if none of that particular size are available. This 
is to enable us to check up the constants obtained from catalog 
data and to verify the efficiencies claimed. Holyoke test data 
is very essential if the conditions of the installation are such that 
an accurate test is not feasible. In maldng a final choice other 
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Camden Water Wheel Wka. , . 

' Qiuted States Turbine 

64.7 

61.8 
63.0 
61.5 

0.00190 

0.00158 

0.00205 

0.00210 

Platt Iron Works ' 

Trump Mfg. Co 

yictoi Standard 

Standard Trump 


It is thus apparent that any one of these manufacturers could 
supply a turbine from their present designs which would nearly 
fill the requirements. A number of other firms in this country 
could not fit the case except with a special design or a modifica- 
tion of an existing design. Thus inspection of the table for the 
Dayton Globe Iron Works Co. in Art. 110 will show that the 
nearest approach they have to it is their Special New American 
with an average value of N, of 53.7. They could supply a tur- 
bine to run at 120 r.p.m. under the head specified, but itwould 
develop only 358 h.p. Or if they supplied a turbine capable 
of delivering 480 h.p. it should run at 103.5 r.p.m. 

Turning to the four cases presented in the table, it is apparent 
that the Camden wheel is a little over the required capacity, 
but it may not be enough to be objectionable. The Platt Iron 
Works wheel is very little over the required capacity and the 
Leffel and Trump are a trifle under it. If there is a little margin 
allowable in the power, any of these might be used. The value 
of N, according to which the wheel is rated should be the value 
for the speed and power at which it develops its best efficiency. 
In any plant the variation in the head produces a deviation from 
the best value of <t>, if the wheel be run at constant speed, and 
thus causes a drop in efficiency. The power of the wheel may 
increase or decrease according to the way the head changes. 
Thus in actual operation the conditions depart so much from 
those specified in the determination of N, that small discrep- 
ancies in its value such as exist in the table are of little im- 
portance. 


8 attempt to do is merely to select a turbine the peak of whose 
hciency falls as near as possible to the conditions of head, 
leed, and power chosen. Al- 
ough our conditions may be 
:ch that we may rarely realize 
:e very highest efficiency of S 
hich the turbine is capable, j 
) t we should be very close 

it. I 

119. Variable Load and | 
ead. — In any plant the load ° 
usually not constant but 
tries over a considerable 
nge. In comparing turbines 
r certain situations the aver- ,, 

Cj 

e operating efficiency may S 
more important than the § 
leiency on full load only, 
the turbine is to run on full 
ad most of the time or if the 
stallation is such that the 
mdage is limited or lacking ^ 
together, then the efficiency | 

1 part load is of little im- 
•rtance. But if the load is 
.riable and if water can be h 
D red up during the time the 
reel may be running under a 
;ht load then the efficiency at 
. times becomes of interest, 
the plant has a number of 
dts it is possible to shut down some of them at times so as to 
ep the rest on full load. 

In most low head plants the variation in head is a serious item 
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will be the chief item. 

These factors can be studied by means of curves such as are 
shown in Fig. 110. Efficiency, discharge, and power for various 
gate openings reduced to 1-ft. head are plotted against (p or the 
r.p.m. under 1-ft. head. The normal speed and power should be 
that corresponding to the maximum efficiency. If the ivheel i.s 
run at constant speed a variation in head causes a change in <p. 

120. Characteristic Curve. — For a thorough study of a turbine 
the characteristic curve is a most valuable graphic aid. The 
coordinates of such a curve are discharge under 1-ft. head 
and (p or r.p.m. under 1-ft. head. Values of the horsepower 
input under 1-ft. head should also be laid off to correspond 
to the values of the discharge. Lines should then be drawn on 
the diagram to indicate the relation between speed and discharge 
for various gate openings. Alongside of each experimental 
point giving this relation, the value of the efficiencj'’ should be 
written. When a number of such points are located, lines of 
equal efficiency may be drawn by interpolation. 

Another very good method is to draw curves of efficiency as a 
function of <p for each gate opening. For any iso-efficiency curve 
desired on this diagram it is possible to read off corresponding 
values of (p. 

If desired, lines of equal power may also be constructed. To 
do so, assume the horsepower of the desired curve, then compute 
the horsepower input for any efficiency by the relation, horse- 
power input = horsepower output -5- e. This value of e on one 
of the iso-efficiency curves together with the value of horse- 
power input locates one or two points of an iso-power curve. 

The characteristic curve for a 24-in. tangential water wheel is 
shown in Fig. 111. This curve covers all the possible conditions 
under which the wheel might run. The only way to extend the 
field would be to put on a larger nozzle. Since the discharge of a 
tangential water wheel is independent of the speed the lines for 
the various gate openings will be straight. For the reaction 
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various men, the object of all being to represent the fundamental 
variables in the best form for the ready comparison of one turbine 
with another. 

H.]?. Input imdcr Ono Foot lloiul 
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Fig. 112. — Charaoteristio curve for a high epoed reaction turbine. 


121. Use of Characteristic Curve. — From the characteristic 
curve it is apparent, at a glance, at what speed the turbine should- 
run for the best elEoiency at any gate opening. The best effi- 
ciency in Fig. Ill is obtained when <j> = 0.457 or fVi = 34, and 
with the needle open 6 turns. With full nozzle opening the best 
value of Ni is 35, with the needle open 3 turns the best speed is 
such that iVi = 32. (With the reaction turbine these differences 
would be greater.) 

From the characteristic curves any other curves may be con- 
structed. For constant speed follow along a horizontal line, for 
a fixed gate opening follow along the curve for that relation. 




is maintained at 275 r.p.m. when the head is 74 ft., then 0 = 0.429 
and Ni = 32. If h = 56 ft., = 0.497 and JVi = 37. In the 
last case the best efficiency would be 77 per cent., a drop of 1 per 
cent. 

The iso-efficiency curves represent contour lines on a relief 
model and thus the point of maximum efficiency is represented 
by a peak. It is apparent that for varying loads or heads a tur- 
bine giving a diagram, that indicates a model with gentle slopes 
from this point, would probably be better than a turbine for 
which the peak might be higher and the slopes steeper. The rela- 
tive increase in discharge capacity at full gate as (^i increases is also 
apparent and indicates which turbine is better for operation at 
reduced head but normal speed. 

122. QUESTIONS AND PROBLEMS 

1. For any turbine, how does the speed for highest efficiency vary with 
the gate opening used? How does the efficiency vary with the gate opening 
for any speed? At what speed and gate will maximum efficiency be found, 
as compared with maximum power? 

2. Should a turbine necessarily be run at the speed for maximum effi- 
ciency? Why? 

3. What happens to the power and efficiency of a turbine when the head 
changes, but the speed is kept constant? In time of flood, what is the im- 
portant consideration? 

4. What is the difference between the true and the nominal specific 
speed? What would be the general profile of a runner whose specific speed 
was 10? What of one whose specific speed was 100? 

6. When is efficiency on full load important and when is efficiency on 
part load of more value? When is maximum power of principal interest? 
When is maximum speed the chief object? 

6. If a plant contains a number of units, what should be done if all of 
them are carrying half load? Why? Would there be any object in shut- 
ting down some of them if the supply of water was abundant? 

7. If there is a great shortage of water so that the supply is inadequate 
for all the wheels at full head, so that the water level falls considerably below 
normal before equilibrium is attained, is it better to operate the plant with 
allthe wheels or shut down enough of them to keep the water level near the 



speed is kept at this same value while the head falls to 36.5 ft., what will 
be the value of the maximum power delivered? 

Ans. 765 h.p., 720 h.p., 408 h.p. 

10. In problem (0) the second value of tlio head is 73 per cent, of its 

initial value and the maximum power is 00 per cent, of its value in the first 
case. For the impulse turbine in Fig. Ill, what would bo the ratio of the 
maximum power outputs, if the head dropped the same proportional amount 
while the speed remained the same as for the maximum olliciency under the 
initial head? Ans. 58.7 per cent. 

11. Suppose that an impulse wheel, similar to that for which the curves 
of Fig. Ill were drawn, is made of such a size as to develop 6000 h.p. 
under a head of 1200 ft. Find the diameter of the wheel, its r.p.m., and 
plot a curve between efficiency and power for a constant speed. 


SELECTION OF TYPE OP TURBINE 


L23. Possible Choice. — It has been shown that, if the speed 
;l power under a given head are fixed, the type of turbine 
jessary is determined. If there is some leeway in these mat- 
s it may be possible to vary the specific speed through a 
isiderable range of values. Suppose turbines of a given power 
y be run at 120 r.p.ra., at 600 r.p.in., or at 900 r.p.m. Each 
} of these would give us a different specific speed and thus a 
Ferent type of runner. Or, if the speed be fixed, the power, 
ih as 20,000 h.p. may be developed in a single unit, in two 
its of 10,000 h.p. each, or in eight units of 2,500 h.p. each, 
ain we have different types of runners demanded. Both the 
:ed and power may be varied in some cases and the choice is 
ler still. As an example, it may be required to develop 
) h.p. under 140-ft. head. Suppose this power is to be divided 
between two runners and the speed to be 120 r.p.m. The 
,ue of Ne is then 4.12, showing that a double overhung tan- 
itial water wheel is required. Or if the power be developed 
a single runner at 600 r.p.m., the value of iY, would be 29.2, 
ich would call for a reaction turbine. 

it is customary to choose a speed between certain limits, as 
ther a very low nor a very high r.p.m. is desirable. Also the 
mber of units into which a given power is divided is limited, 
vertheless considerable latitude is left. It remains to be seen 
at considerations would lead us to choose such values of speed 
I power as would permit the use of a certain type of runner. 
L24. Maximum Efficiency. — The best efficiency developed 
a turbine will depend, to some extent, upon the class to which 
belongs. The impulse and reaction turbines are so different 
their construction and operation that the difference in effi- 
ncy between them can be determined solely by experiment, 
iwever, abstract reasoning alone will lead to certain conclusions 


as tne normal type, vjn tnc otner nana too low a siiecnic speeu 
is not conducive to efficiency, since the diameter of the wheel 
becomes relatively large in proportion to the power developed, 
so that the bearing friction and windage losses tend to become 
too large in percentage value. The value of Na for the highest 
efficiency is about 4. 

A low specific speed reaction turbine, such as Type I in Fig. 34 
for example, will have a small value of the angle ai. A considera- 
tion of the theory, especially equation (33), shows that this is 
conducive to high efficiency. However this is more than offset 
by other factors, such as the large percentage value of the disk 
friction, as explained in Art. 108. In addition, the leakage area 
through the clearance spaces becomes a greater proportion of 
the area through the turbine passages, and also the hydraulic 
friction through the small bucket passages is larger. The result 
of all these factors is that the efficiency tends to be reduced as 
very small values of the specific speed are approached. 

A medium specific speed turbine runner would have a some- 
what larger value of the guide vane angle but this slight dis- 
advantage would be more than offset by the reduction in the 
relative values of the disk friction, leakage loss, and hydraulic 
friction loss within the runner. Thus this type would have a 
Mgher efficiency than the former. 

But when the high specific speed type is reached the inherently 
large value of the discharge loss is such as to materially reduce 
the efficiency. This reduction is aided also by the large value 
given to the guide vane angle and opposed by the decreased disk 
friction, leakage through the clearance spaces, and internal 
hydraulic friction. However the effect of these latter factors 
is not sufficient to offset the increased discharge loss. In other 
words, efficiency has been sacrificed in favor of increased speed 
and capacity, just as in the case of a high-speed impulse turbine. 

This reasoning is borne out by the facts, as can be seen by Fig. 
113, where efficiency is plotted as a function of specific speed.* 


that one should expect in every case. It merely shows the rela- 
tive merits of the different types. The actual efficiency obtained 
depends not only upon the specific speed but also upon the ca- 
pacity of the turbine and the head and other factors. ’The larger 
the capacity of a turbine the higher the efficiency will be. In a 
given case the efficiency obtained for a specific speed of 30, say, 
might be only 83 instead of the 93 shown by the curve. But if 
the specific speed had been 95 instead of 30 the efficiency realized 
might have been only 73. 
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Higher efficiencies have been attained with reaction turbines 
than with Pelton wheels. The maximum recorded efficiency 
for the former is 93.7 per cent, and quite a few large units 
have shown efficiencies over 90 per cent, where conditions were 
favorable. The highest reported value for an impulse wheel 
is 89 per cent, but the usual maximum is about 82 per cent. 
However the efficiency of a reaction turbine is a function of 
its capacity, that is for small sizes the efficiency is relatively 
low. As the larger sizes are reached this difference dis- 
appears. The reason for this is that the clearance spaces 
and hence leakage losses are a greater percentage with the 
small sizes. The efficiency of the Pelton wheel is not depend- 
ent on its size. Hence for smaller powers the tangential wheel 
may have a higher maximum efficiency than the reaction 
turbine. 

126. Efficiency on Part-load. — Full-load will be defined as the 



as possiDJe. in orcier lo oDtain tne lormer tne vane ar 
must agree with the angle of the relative velocity of the w 
determined by the vector diagram; and the quantity oi 
should be such that its relative velocity v'\, as determined 
equation 6f continuitjq should agi'ee with the velocity 
determined by the vector diagram of velocities. In orde: 
duce the discharge loss to a minimum it has also been shov 
az should have a value of approximately 90°. 

There is practically no additional loss at entrance to the 
ets of a Felton wheel due to the reduction in the size of 
at part-load. If the jet and vdieel velocities remained ji 
same, the velocity diagrams would be identical at all 
Actually the jet velocity may vary slightly but the shape 
buckets is suclr that there is no well defined vane angle 
trance. And since, in the impulse turbine, the relative v 
through the runner is not determined by the equation 
tinuity, there can be no abrupt change in either the dircc 
magnitude of the relative velocity bf the water at entrance, 
this is not the case with the reaction turbine. The small 
opening changes the angle a'l. This alters the entrance v 
diagram. Hence the angle will no longer agree with th 
angle j3'i. Since the quantity of water discharged per un 
is less than before, it follows that the velocity v'l, as detei 
by the area of the runner passages, is less than the value ; 
load. Thus when a reaction turbine runs at part-gate th 
eddy losses produced at entrance to the runner due to the 
change in the direction and magnitude of the velocity 
water through the Avheel passages. No such losses occur w 
impulse turbine. 

At the point of discharge the velocity diagram for the tan 
wheel is practically the same at all loads, provided the jet v 
and bucket velocity are the same . There may be slight in 
in the losses in flow over the bucket surfaces which would 
this statement somewhat lor very large or very small 


opening, and hence the greater the effect produced upon the 
efficiency when this loss is increased at part-gate. 

It is thus apparent that at part-load there are inherent losses 
witlrin the reactioir turbine that are not found with the Pelton 
wheel. 

In fact the hydraulic efficiency of the latter would appear 
to be the! same at all nozzle openings. In reality the re- 
duction in the velocity coefficient of the nozzle, as the needle 
closes the discharge area, together with some change in the bucket 
friction, changes the efficiency slightly. It is the gross efficiency 
with which we are really concerned, and of course the mechan- 
ical losses due to friction and windage, which are constant at 
constant speed, cause the efficiency to decrease as the gate 
opening decreases. But the efficicncy-load curve of the tangen- 
tial water wheel is inherently a flat curve. 

The losses within the reaction turbine runner are such that the 
hydraulic efficiency , mupt cjecrease as the gate is changed in 
either direction from the pbsition af, full-load. Hence the effi- 
ciency at part-load or overload tends' to be less than that for 
the impulse wheel, a$ shown in Fig. Il4 (assuming both to be the 
sam^ at full-load) , and the higher tiie specific speed the steeper 
will the efficiency curve be. i ' ' _ ! ' 

Fcjr the tangential water wheel in'Fig, llj it can be seen that 
the hest speed is slightly different for , different gate openings 
and that it increases as the latter increases. This is also true 
with, the reaction turbine, but in a more marked degree as can 
be seen in Fig. 112. If the speed is selected so as to give the best 
efficiency at a certain gate opening it will not be correct for any 
other gate opening and thus efficiency will be sacrificed at all 
gates except one. 

Tins variation of the best speed with different gate openings 
is found in all turbines, but not in the same degree. With the low- 
speed reaction turbine it is small, approaching the tangential 
water wheel in that regard. With the high-speed reaction tuiT 
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Fiq, 114— Relative olIioionoiGS on part-load of impulse and reaction turbines. 



Fi 0 . 115. — Typical effioienoy curves. 


sacrifice will be greater the higher the specific speed of the tur- 
bine. These considerations, together with the facts given in the 
preceding article, imply efficiency curves for the various types 
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with the high-speed turbine than with the other types. This 
is because the point of maximum efhciency is nearer full-gate 
than with the other types. If the customary 25 per cent, over- 
load must be allowed, then the normal load must be less than 
the power for maximum efficiency with a further decrease in 
operating efficiency. 



Pio. 1 16. — Relation between power and gate opening for same speed under differ- 
ent heads. 


Thus from the tangential wheel on the one hand to the high- 
speed reaction turbine on the other the relative efficiency on part- 
load decreases as the specific speed increases. 

126, Overgate with High-speed Turbines. — With the wicket 
or swing gates, as used today, there is no definite limit to their 
opening save that imposed by an arbitrary mechanical stop. As 
the gate opening increases the rate of discharge and hence the 
power of the turbine increases, as shown by curve for 0 = 0.78 in 
Fig. 116. But with too great an angle of the vanes the efficiency 
decreases so much that the power output no longer continues to 
increase and may even decrease. Ordinarily there is no advan- 
tage gained by opening the gates any wider than that necessary 
to secure maximum power, and hence the mechanism is usually 
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FtG. 117. — Characteristics of low-spocd runner. Nb = 27, 


If the normal speed be taken as the speed at which the wheel 
develops its maximum efficiency, it may be seen in Fig. 112 that 

1 This is a purely arbitrary definition, but there is at present no agreement 
as to what the term “fuil-gate” reaily signifies, and so it wili be here used 
as defined above. It may be noted that tiie gate movement might also be 
limited to something less than the position shown, and in .sucli an event it 
would be logical to denote the maximum opening as the “full-gate.” The 
effect of this construction would be to decrease the overload capacity or to 
move the power for maximum efficiency nearer to tire maximum power 


increased above normal. The explanation of this difference 
in the two types is that with the inward flow turbine the centrifugal 
action opposes tlie flow of water, and hence the rate of discharge 
tends to decrease as the speed increases, while with the outward 
flow turbine the centrifugal action tends to increase the rate of 
discharge with the speed. This may be seen in Fig. 95, page 126. 
The loAv specific speed runner approaches the pure radial inward 
flow typo, while the high specific speed runner of the present with 
inward, downward, and outward flow (the radius to the outer limit 
of the discharge edge being often as much as one-third greater 
than the radius to the entrance edge) approaches the outward 
flow turbine in this characteristic. Thus, despite the decrease 
in efficiency, as the speed departs from the normal, the in- 
creased rate of discharge tends to increase the power output for 
a certain range of speed above normal. This feature of the 
high-speed turbine is of great value, as it especially fits it for 
the class of service, to which it is otherwise adapted. 

As has been explained, the maximum opening of the turbine 
gate would usually be that at which no further increase in power 
at normal speed could be obtained and this is termed “full-gate.” 
But with the high specific speed turbine it is found that, when 
running at a speed above normal, the power continues to increase 
for an opening of the gate beyond its usual maximum value, as 
shown by curves for 0 = 1.03 and 1.10 in Fig. 116. A turbine 
so constructed that the gate can be opened wider than the maxi- 
mum value necessary under normal conditions is said to be 
‘‘overgated. ” This additional .gate opening would be of no 
value with a low-speed turbine under any circumstances, and it 
would be of no value with a high-speed turbine under normal 
conditions. But, not only does the power of the latter increase 
at full-gate for speeds higher than the normal, but by opening 
the gate wider than the usual value the power may be still 
further increased as may be seen in Figs. 107 and 118. The 

nominal fnll-o-al-.p onfiTiinffis denoted bv unitv. 


proportional to a constant speed under a reduced head 

means an increase in 4 ) above its normal value. As has been seen, 



ll.P.M. -1 n. Hund 


Pig. 118. — High-speed turbine. 

an increase in 4 > above its normal value causes no increase in the 
power of a low- or medium-speed runner, but with the high-speed 
runner not only does the power at full-gate increase but, by 
overgating, the power may be still further increased. The effect 
of an overgate is to materially increase the capacity of the tur- 
bine at a time when there is a shortage of power. This feature is 
not possessed bv lower speed runners. 



plant and, as has been seen, the characteristics of the high-speed 
runner are such that it is able to deliver more power under these 
circumstances. 

The results obtained with “overgating” high-speed turbines 
may be seen in Figs. 107 and 118. In the latter case full-gate 
is denoted by 1.00 and the maximum gate opening by 1.077. 
The normal speed is 62 r.p.m. under 1 ft. head. At that speed 
any further gate opening would be of no advantage, and in fact 
would merely cause a drop in efficiency. But at a higher speed, 
such as 65 r.p.m., the overgate feature raises the power under 1ft. 
head from 2.0 h.p. at full-gate to 2.35. Bearing in mind that a 
medium speed runner for the same situation would deliver less 
than 2 h.p. under these circumstances, it is seen how much supe- 
rior the high specific speed turbine is for the particular condi- 
tions of service. 

The differences between the low- and high-speed runners are 
brought out in the following table. The normal head is 15 ft. 
and the wheels develop 100 h.p. In time of high water the head 
will decrease to 10 ft., while the wheels are kept at their normal 
speed. 

Table 6. — Head = 15 Ft. 


Typo 

N, 

E..p.m. 


Gate 

i 

H.p. 

Efficiency 

Low speed 

35.2 


m 


100 

86 

High speed 

77.7 

232 




82 


Table 7. — Head = 10 Ft. 


Type 

1 

R.p.m. 

0 

m 



Low speed 

35.2 


m 

Bl 

47.3 

78 

High speed 

77.7 

232 1 


1.00 

49.3 

76 

High speed 


232 


1.077 

58.0 

80 


' These values of specific speed apply only when the turbine is developing 










true, the value of the head does exert a predominating influen 
and hence there is some justification for the presentation oi 
relationship between the two, such as is given in Table 8. Ho 
ever, it should be noted that the figures given for specific spe 
are merely limits. Thus a head of 100 ft. does not require 
turbine whose specific speed is 50 for example. The lat1 
is merely the maximum value found in current practice for sucl 
head, and a lower value of N, might be used. Within this me 
imum limit the specific speed chosen would depend upon t 
power and speed and a consideration of the characteristics desire 

Table 8. — Relation Betwee.v Head and Specific Speed 


Head ft. 


Maximum 
value of Ni 


Type of suiting 



Vertical shaft siiitsle runner units w 
good draft tubes. 

Single runner, either horizontal or n 
tical, or. two runners discharging into 
common draft chest. 

Single or double discharge runner 
horizontal shaft. 


Impulse wheels. 


128. Choice of Type for Low Head. — No definite rules can 
laid down for universal use because each case is a separate pre 
lem. Neither is it possible to draw any line between a high a 
a low head. All that can be done is to assume cases that i 
typical and establish broad general conclusions. In any partii 









water on part-load is thus of very little importance. The effi- 
ciency on full load is of value as it detdrrhines the amount of power 
that may be developed from the flow available. 

Under a low head the i’.p.m. is normally low and it is desirable 
to have a runner with a small diameter and a high value of 0, in 
order to secure a reasonable speed. A high speed means a 
cheaper generator and, to .some extent, a cheaper turbine. These 
were the factors that brought about the development of the high- 
speed turbine. 

A low-head plant is also usually subjected to a relatively large 
variation in the head under which it operates. When the head 
falls below its normal value the overgate feature, of the high- 
speed turbine, enabling it to hold up the; power, to some extent, 
at a good efficiency, is a very valuable eharacteristic. 

The only disadvantage of the high-speed turbine for the typical 
low-head plant is that its maximum efficiency under normal head 
is not as good as that of the lower speed turbines. However, the 
other advantages outweigh this so that it is undoubtedly the best 
for the purpose. 

129. Choice of T 3 rpe for Medium Head. — With a somewhat 
higher head a limited amount of storage capacity usually becomes 
available and thus the efficiency on part-load becomes of interest 
as well as the efficiency on full-load. The r.p.m. also approaches 
a more desirable value so that the necessity for a high-speed run- 
ner disappears. The variation in head will generally be less 
serious also, so that the overgate feature of the high-speed turbine 
becomes of less value. The high efficiency of the medium-speed 
turbine fits it for this case. The high-speed turbine should not 
be used unless the interest on the money saved is more than the 
value of the power lost through the lower efficiency. 

130. Choice of Type for High Head. — For high heads the 
possibility of extensive storage increases and the average ‘oper- 
ating efficiency then becomes-of more interest than the maximum 
efficienev, esncciallv if the turbine is to run under a variable load. 


place, it the Load is apt to vary over a wide range ana oe very 
light a considerable portion of the time, the comparatively flat 
efficiency curve of the tangential water wheel renders it suitable 
There is little difference between the characteristics of the low 
and medium-speed wheels. The choice between them is largely 
a matter of the r.p.m. desired, although there is some slight 
difference in efficiency. 

131. Choice of Type for Very High Head. — Within certain 
limits there is a choice between the low-speed reaction turbine 
and the tangential water wheel. The former might be chosen 
in some cases because of its higher speed with a consequently 
cheaper generator and the smaller floor space occupied by the 
unit. The latter has the advantage of greater freedom from 
breakdowns and the greater ease with which repairs may be 
made. This consideration is of more value with the average 
high-head plant than with the average low-head plant, since the 
former is usually found in a mountainous region where it is 
comparatively inaccessible, and is away from shops where ma- 
chine work can be readily done. 

For extremely high heads there is no choice. The structural 
features necessary are such that the tangential water wheel is 
the only type possible. Also the relatively low speed of the 
tangential water wheel is of advantage where the speed is in- 
herently high. 

132. QUESTIONS AND PROBLEMS 

1. For a given head and atream. flow available at a certain power plant, 
what quantities may be changed so as to permit the use of various types of 
turbines? Which type of turbine will give the smallest number of units 
in the plant? Which type will run at the lowest r.p.m.? 

2. How do impulse wheels and reaction turbines compare as to the maxi- 
mum efficiency attained by each? How does the efficiency of an impulse 
wheel vary with its size? Why? How does that of a reaction turbine 
vary with its size? Why? 

3. For the same power under the same head compare impulse wheels and 
reaction turbines with respect to efficiency, rotative speed, space occupied, 


Why? 

7. What is meant by full-load? What affects the efficiency of a tangential 
water wheel on part-load? 

8. Wliat affects the efficiency of a reaction turbine on part-lCadj’ Is the 
part-load efficiency a function of specific speed? 

9. What is meant by full-gate? By overgate? What types of turbines 
are overgated? 

10. What is the difference in the characteristics of low and high specific 
speed reaction turbines when run at the same speed under a head less than 
normal? Why? 

11. What are the advantages and disadvantages of very high specific 
speed turbine runners? 

12. What types of turbines could bo used under ahead of 20 ft.? Under 
200 ft. 7 Under 1000 ft.? 

13. What are the advantages of a high-speed runner under very low 
heads? What are the advantages of a medium speed runner under the 
same conditions? 

14. What are the especial merits of tangential water wheels for very high 
heads? What are the disadvantages of a low-speed reaction turbine for 
the same conditions? 

16. The turbine runner for which the curves in Pig. 107 were plotted was 
23 in. in diameter and had a specific speed of 93. The specific speed of tho 
runner for which the curves of Pig. 117 were drawn was 27 and the diameter 
was 57 in. Suppose a turbine was required to deliver 1200 h.p. at full-gate 
under a head of 25 ft., find the size and r.p.m. for a runner of each of these 
types. Am. 47.8 in., 150 in., 144 r.p.m,, 43.5 r.p.m. 

16. If tho speeds remain as in problem (15) while the head decreases from 
25 ft. to 16 ft., find the power of each turbine. Ans. 648 h.p., 465 h.p. 

17. The average flow of a stream is 3000 cu. ft. per second and the 
pondage is very limited. The normal head is 30 ft. but is at times as low 
as 18 ft. What type of turbine should be employed, how many units should 
there be, and at what speed will they run? 

Ans. 4 units at 124 r.p.m. probably best. 

18. Tho average flow of a stream is 3000 cu. ft. per second. The normal 
head is 30 ft. which is decreased somewhat in times of flood. The stream 
flow is fluctuating with long low water periods, but there is considerable 
storage. The load on the plant also varies considerably. What type of 
turbine should be used, how many units should there be, and at what speed 
should they run? 

19. A turbine is required to carry a constant load of 800 h.p. under a 
head of 120 ft. There is considerable storage capacity and the stream has 


COST OF TURBINES AND WATER POWER 

133. General Considerations. — Since there arc so many factors 
involved, it is rather dilTicult to establish definite laws by which 
the cost of a turbine may be accurately predicted. No attempt 
to do so will be made here, but a discussion of the factors iirvolved 
and their affects will be given and the general range of prices 
stated. • A few actual cases are cited as illustrations. 

A stock turbine will cost much less than one that is built to 
order to fulfil certain specifications. This fact is illustrated by 
the comparison of two wheels of about the same size and speed. 
The specifications of the stock turbine were as follows: 550 h.p. 
at GOO r.p.m. under a head of 134 ft., 26-in. double discharge 
bronze runner, cast steel wicket gates, eastdron split globe casing 
5 ft. in diameter, and riveted steel draft tube. Weight about 
11,500 lb. Price $1750. The special turbine was as follows: 
500 h.p. at 514 r.p.m-. under a head of 138 ft.', bronze runner, 
spiral case, riveted steel draft tube, connections to header, . relief 
valve, and vertical type 5000 ft.-lb. Lombard governor. Price 
$4000. The latter includes a governor, relief valve, and some 
connections which the former did not, hut the difference in’ cost 
is more than the price of these. 

The cost of the turbine is also affected by the quality and 
quantity of material entering into it, the grade of workmanship, 
and the general excellence of the design. With the ’$4000 tur- 
bine cited in the preceding paragraph another may be compared 
which is of superior design. The specifications for the latter 
were as follows; 550 h.p., at 600 r.p.m. under 142-ft. head, single 
discharge bronze runner', spiral case -nuth 30-in. intake, cast steel 
wicket gates, bronze' bushed guide vane bearings, riveted steel 
draft tube, lignum vitae thrust bearing, oil pressure governor 
sensitive to 0.5 per cent. The guaranteed efficiencies were 

83 per cent; at 410 h.p. ■ ' ■ ' 



IS evidenced by the bid oi another hrm, as lollows: 650 h.p. at 
GOO r.p.m. under 142-ft. head, single discharge cast iron runner, 
spiral case, cast steel guide vanes, cast steel flywheel, oil pres- 
sure governor, connections to header, 30-in. hand-operated gate 
valve, riveted steel di-aft tube, and relief valve. The guaranteed 
efficiencies were 


Por coiit. of iniix. h.p. 


81.5 per cent, al 

84.6 per cent, at 

84.5 por cent, at 

82.5 per cent, at, 

79.5 per cent. at. 


100 

90 

85 

75 

60 


Weight of turbine complete 38,000 lb. Price $8740. This last 
turbine includes a few items that the former does not, but the 
difference in cost cannot be accounted for by them. It will be 
noted that a flyAvhecl was deemed necessary here, while it was 
not used on any of the others. Compare the weights and costs 
of these last two turbines with the weight and cost of the stock 
turbine first mentioned. 

134. Cost of Turbines. — The cost of a turbine depends upon 
its size and not upon its power. Since the power varies with 
the head, it is apparent that the cost per h.p. is less as the head 
increases. Thus a certain 16-in. turbine (weight = 7000 lb.) 
without governor or any connections may be had for $1000. 
Under various heads the cost per horsepower would be as 
follows: 


Hoad 

H.p. 

Cost per h.p. 

30 ft 

52 

$19.20 

60 ft 

148 

6.76 





%/- 

lighter and cheaper construction would be entirely reasonable, 
while under a 300-ft. head the turbine would have to be built 
stronger and better than this one was. 

For a given head, the greater the power of the turbine the less 
the cost per horsepower will be. Also for a given head and 
power, the higher the speed, the smaller the wheel, and conse- 
quently the less the cost. Compare the 600-r.p.m. reaction 
turbines in Art. 133 with the following, which is a double over- 
hung tangential water wheel at 120 r.p.m. The horsepower 
is 500 under 134-ft. head. Oil pressure governor is included, but 
no connections to penstock are furnished. Weight 80,000 lb. 
Price $8900. 

These last differences are very much magnified if we combine 
the cost of the generator with that of the turbine. The follow- 
ing are some generator quotations. The first is that of a gener- 
ator at a special speed. The second is that of a generator of 
somewhat better construction than tlie first but of a standard 
speed. The others are all standard speeds. 

150 kv.-a., 2400 volts, 3-phase, 60-cycle, 124 r.p.m. $4850. 

150 kv.-a., 2400 volts, 3-phase, 60-cycle, 120 r.p.m. $3300. 

(Weight 17,210 lb.) 

300 kv.-a., 2400 volts, 3-phase, 60-cycle, 120 r.p.m. $4700. 
(Weight 25,520 lb.) 

350 kv.-a., 2400 volts, 3-phase, 60-cycIe, 514 r.p.m. $2330. 

350 kv.-a., 2400 volts, 3-phase, 60-cycle, 600 r.p.m. $2100. 

Taking the highest priced 600-r.p.m. turbine and combining it 
with the 350-kv.-a. generator we get a total of $10,850. Adding 
the cost of the 120-r.p.m. turbine to that of the 300-kv.-a. genera- 
tor we get a total of $13,600 for a smaller amount of power. 

Prof. F. J. Seery has derived the following empirical formula 
based upon the list prices of 35 wheels made by 20 manufacturers. 

Tifif? IC =1 A A- Ti / Ti in 1C +.Vjo p.ncf in fnr o 


yi. = jj---, jn wmcn ^ is in aouars ana u is me 

diameter of the runners in inches. 

The cost of the casing increases these values very greatly, 
as some spiral cases may cost much more than the runner. A 
single case may be cited of a pair of 20-in. stock runners in a 
cylinder case with about 30 ft. of 6 ft. steel penstock. Each 
runner discharges into a separate draft tube about 3 ft. long. 
Tlie power is 150 h.p. under 30-ft. head. The cost was $2000. 

A few quotations are here given. A reaction turbine to de- 
velop 4000 h.p. at 600 r.p.m. under 375 ft. head and weighing 

90.000 lb. would cost $14,000. Another reaction turbine of 

10.000 h.p. under 565-ft. head cost $37,000. In the latter case 
the governor, pressure regulator, and the generator were included. 
The building, crane, transformer room, etc., cost $20,000 for 
this installation. A tangential water wheel of 2600 h.p. under 
1200-ft. head cost $12,000, while another of 4500 h.p. under 
1700-ft. head cost $8,000. 

As has been stated, the cost of a turbine varies between fairly 
wide limits due to difference in design, workmanship, and com- 
mercial conditions. The cost per h.p. is also less the higher the 
head or the greater the power. In a general way it can be said to 
vary between $2 and $30 per horse-power and according to the 
following table : 


Hciid 

Cost per h.p. 

Cost of building per h.p. 

60 ft 

$30-$7 

$30-$4 

100-600 ft 

$12-$2 

$ 7-$2 

500-2000 ft 

$ 8-$2 

S 7-$2 



The cost of the turbine is usually only about 6 per cent, of 
the total cost of the power plant. It scarcely pays, therefore, 
to buy a cheap turbine when the money saved is such a small 
portion of the entire investment. 


tne report oi tne Jriydro-Jiilectric Jr'ower Commission oi the 
Province of Ontario. The proposed plant was to be located at 
Niagara Falls. 


Table 9 


Itoms 

1 50,000 h.p. 

; 100,000 h.p. 

Tunnel tail race 

Sl,250,000 

$1,250,000 

Headworks and canal 

1 450,000 

450,000 

Wheel pit 

500,000 

700,000 

Power house 

300,000 

600,000 

Hydraulic equipment 

1,080,000 

1,980,000 

Electric equipment 

760,000 

1,400,000 

Transformer station and equipment 

350,000 

700,000 

Office building and machine shop 

100,000 

100,000 

Miscellaneous 

75,000 

75,000 


S4, 865, 000 

$7,255,000 

Engineering, etc., 10 per cent 

485,000 

725,000 


$5,350,000 

$7,980,000 

Interest, 2 years at 4 per cent 

436,560 

651,168 

Total capital cost 

$5,786,560 

$8,631,168 

Capital cost per horaepowor. 

$114 

$86 


1 he cost per unit capacity is usually less as the head increases. 
This is illustrated by the following table taken from Mead’s 
‘‘Water Power Engineering.” 





Capital cost per h.p. 


Capacity 

horsopower 

Head 





Without dam 

With 

With dam 
and oloctrical 

With dam, electric 
equipment, and 

_ _ 




equipment 

transmisbion line 

8000 

18 

$63.50 

86 

115 

150 

8000 

80 

21.00 

39 

60 

90 



power will be the sum of the fixed charges and the operating 
expenses. The former will cover interest on the capital cost, 
taxes, insurance, depreciation, and any other items that are con- 
stant. The latter includes repairs, supplies, labor, and any 
other items that vary according to the load the plant carries. 
The annual cost per horsepower is the total annual cost divided 
by the horsepower capacity of the plant. 

The total annual cost will vary with the number of hours the 
plant is in service and also with the load carried. The cost will 
be a maximum when the plant carries full load 24 hours per day 
and 365 days per year. It will be a minimum when the plant is 
shut down the entire year, being then only the fixed charges. (See 



Tig. 119). It is evident that the annual cost per horsepower 
depends upon the conditions of operation. 

However, under the usual conditions of operation, the annual 
cost may be said to vary from $10 to $30 per horsepoAver. 

137. Cost of Power per Horsepower-hour. — In order to 
haAm a true value of the cost of pOAver it is nece.ssary to consider 
both the load carried and the duration of the load. While the 
annual cost per horsepower Avill be a maximum when the plant 
carries full load continuously throughout the year, the cost per 
horsepower-hour will be a minimum. Thus suppose the annual 




pel' maximuiri liorsepower may stiu oe dut; ijne aimucii i-ub 
per average horsepower will be $68. This atter divided b] 
4380 hours gives 1.55 cents per horsepower-hour. It is clear 
then, that the cost of power per horsepower-hour depend 
very greatly upon the load curve. It may range anywhere fron 



0.40 cents to 1.3 cents per horsepower-hour and more if the loa 
factor is low. (See Fig. 120.) 

138. Sale of Power. — If power is to be sold, one of the, firs 
requirements generally is that the output of the plant should b 
continuous and uninterrupted. Such a plant should possess s 
least one reserve unit so that at any time a turbine can be she 
down for examination or repair. This adds somewhat to th 
cost of the plant. The larger the units the more the added cos 
of this extra unit will be. On the other hand small units ai 
undesirable since a large number of them make the plant to 
complicated. Also the efficiency of the smaller wheels will h 
less than that of the larger sizes. Unless the water supply : 
fairly regular, storage reservoirs will be necessary and often auxi 




margin of profit. The price for which the power may be sold 
is usually fixed by the cost of its production in other ways. Tliis 
point should be carefully investigated and, if the cost from other 
sources is less than the cost of the water power plus the profit, 
the proposition should be abandoned. 

139. Comparison with Steam Power. — It is necessary to be 
able to estimate the cost of other sources of power in order to tell 



Load Factor 

Fiq. 121.— Comparison of costs of steam and water power. 


whether a water-power plant will pay or not. Also it is often 
essential to figure on the cost of auxiliary power. As steam is 
themost common source of power and is typical of all others, our 
discussion will be confined to it. 

In general the capital cost of a steam plant is less than that of a 
water-power plant. It varies from 140 to $100 per horsepower, 
with an average value of about .ffiO per horsepower. Deprecia- 
tion, repairs, and insurance are at a somewhat higher rate but, 
nevertheless, the fixed charges are less than for water power. 

The amount of labor necessary is greater and this, together 



state witliout a careful investigation. But it is cl(\'ir tliat, as a 
rule, the cost of steam power is less when the plant is ojairatcHl 
but a portion of the year or when the load factor is low. Tims a 
water-power plant is of the most value when opcir.ated at hifj;li 
load factor throughout the year. 

The annual cost of steam power per horsepower is V(!ry higli 
for small plants but for capacities above 600 h.p. it dociS not vary 
so widely. Its value depends upon the capaenty of the plant, tlui 
load factor, and the length of time, the plant is operated. It may 
be anywhere from 120 to $70, though these are by no nuians 
absolute limits. 

Since the operating expenses arc of secondary importance in a 
watei'-power plant, the annual coat ])er horsepower will not lui 
radically different for different conditions of operation. But 
with a steam plant tlic annual cost per liorscpowor vari(',H wid(’.ly 
for different conditions of operation on ac(!ount of the greater 
effect of the variable expenses. It is much better to reduce all 
costs to cents per horsepower hour. "J’hc accompanying table 
gives the usual values of the separate items that make up the 
cost of steam power, reduced to cents per horsepower liour. 


IlcmB 


Min., uenta Max., contn 


Fuel 

Supplies 

Labor 

Administration 

Repairs 

Fixed charges . . 


0.20 

0.75 

0.03 

O.OG 

0.07 

0.14 

0.02 

0.16 

0.0,5 

0.10 

0.30 

0.45 


Total cost 


per horsepower hour. 


0.07 


1 . 0 .') 


The following comparison is made by C. T. Main in Trans. 




Repairs . . 
Insiirance 


2.0 

2.0 


i 

Total I 12.5 


For a steam plant at that location the capital cost was 
as $65 per horsepower. The annual cost per horsepower 
follows : 


Fi-xcd charges 12.5 per cent $8.13 

Fuel 8.71 

Labor 4.16 

Supplies 0.80 


Total annual cost per horsepower S21.80 


For a water plant the cost of the power house and equi 
was taken as $65 while the cost of dams and canals at tha 
averaged $65 also, making a total capital cost of $130 per 
power. The annual cost per horsepower was as follows: 


Fixed charges 9 per cent $11.70 

Labor and supplies 2.00 

Total annual cost per horsepower $ 13.70 


However, for the case in question, a steam-heating pla 
necessary and its cost was divided by the horsepower 
plant giving the capital cost of the auxiliary steam plant ai 
per horsepower of the power plant. The cost of its opc 
based upon the power plant would be. 


Fixed charges at 12.6 per cent SO. 94 

Coal 3.26 

Labor 1.23 

Total cost of heating per horsepower of plant .... S5 . 43 



cost 01 steam power will oe a minimmn aiui ic may no uiiiJusMiua: 
for water power to compete witli it. However wliei-c the cost 
of fuel is high water power may be a paying jiroposition even 
though its cost may be relatively high, 

140. Value of Water Power. — The value of a water power i.s 
somewhat difficult to establish as it depends upon the point of 
view. However, the following statements seem reasonable: 

A.n undeveloped water power is worth nothing if the power, 
when developed, is not more economical than steam or other 
power. If the power, when developed, can bo produced cheaper 
than other power, then the value of the water rights would be a 
sum the interest on which would equal the total annual saving 
due to the use of the latter. Thus, referring to the case of Mr. 
Main cited in the preceding article, suppose the water supply is 
capable of developing 10,000 h.p. The annual saving then due 
to its use would be 126,700 as compared with steam. Its value 
is then evidently a sura the interest on which would be .'820,700 
per year. 

A power that is already developed must be considered on a dif- 
ferent basis. If the power cannot be produced cheaper than that 
from any other available source, the value of the plant is merely 
its first cost less depreciation, or from another point of view tho 
sum which would erect another plant, such as a steam power 
plant, of equal capacity. If the water power can be produced 
cheaper than any other, the value of the plant will be its first 
cost less depreciation added to the value of the water right as 
given in the preceding paragraph. 

141. QUESTIONS AND PROBLEMS 

^ 1. What are the general factors that affect the cost of a turbine of a 
given speed and power. ? 

2. What factors affect the cost of a turbine per h.p.? 

3. What is meant by capital cost of water power? What items does it 
include? How is this cost per h.p. affected by the head and by tho size of 

ihft 'n1n.n+.? 



6. How do water and steam power compare in general as to capital cost 
per h.p. and henco as to fixed charges? How do they compare as to oper- 
ating expenses. How do the total annual costs and the cost per h.p. hour 
vary for each as functions of load factor? 

7. How is it to be determined beforehand whether a water power plant 
will pay or not? 

8. How is the value of a water right to be determined? 

9. How is the value of an existing water power plant to be computed? 
Can there be any doubt about the correctness of the method? 

10. Suppose you were called upon to make a report upon a water-power 
development, the only information given being the head available and the 
location for the plant, together with an assurance of a market for all power 
produced. How would you determine: (a) Amount of power that can be 
developed; (6) How much storage capacity should be provided; (c) Whether 
the plant should be built at all; (d) Value of the water right; (e) Size of 
penstock to be used; (f) Type of turbine to be used; (g) Number, size and 
speeds of units to be used? 

11. If steam power costs S20 per h.p. per year and water power can be 
produced for $19 per h.p. per year, what would be the value of an undevel- 
oped water right of 6000 h.p? 

12. A water power plant cost $100 per h.p. and is estimated to have de- 
preciated 15 per cent. If it costs $20 per h.p. per year to produce power 
from it in a place where steam power would cost -$23 per h.p. per year, what 
is the Value of the development? 



DESIGN OF THE TANGENTIAL WATER WHEEL 


142. General Dimensions.' — Assume that the head, speed, and 
power for a proposed water wlieel arc known, tliose values bein^i; 
so selected as to give the speoilic speed nccessai\y for the tyim of 
impulse wheel desired. It is to bo understood tliat tlie head is 
that at tlie base of the nozzle, and the power is tlie output corre- 
sponding to one jet. The vclocitj'' of the jet is given by the 
equation, Y, = c„\/2gh, where the value of the velocity coclli- 
cient may be taken as 0.98. (See Fig. 89, page 114.) Sinc(! 
B.h.p. = qJie/8.8, we may write 


8.8 X B.h.p. _ t(.B 
he 4 X 144 
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where d is the diameter of the jet in inches, 
of d may be found to be 


d = 14.33 




B.h.p. 

e x 


.From this the value 
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The diameter of the wheel may be found from equation (47), 
which gives 


1840 (he'V'h 
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Avhere D is the diameter in inches of the "impulse circle," which 
is the circle tangent to the center line of the jet. The overall 
diameter of the runner depends upon the dimensions of the buck- 
ets. The value of is from 0.43 to 0.47. 

143. Nozzle Design. — The nozzle tip and needle should be so 
proportioned as to give a constantly decreasing stream area from 
a point within the nozzle to a point in the jet beyond the tip of 
the needle, so that the water may be continuously accelerated. 
This must be so for every po.sition of the needle. The curve of 


’ In this bonk only the hydraulic features oE design will be considered. 
No space will bo devoted to the determination of dimensions which con be 



I'ate of discharge vary approximately in direct proportion to the 
linear movement of the needle. (See Fig. 89.) 

The diameter of the orifice of the nozzle tip must be greater 
than the diameter of the jet, due to the contraction of the latter 
and also to the space taken up by the needle tip, winch is never 
entirely withdrawn. At wide open setting the needle tip may 



occupy 10 per cent, or more of the area of the orifice. The re- 
maining area, through which the water passes, may be computed 
from the area of the jet by the use of a coefficient of contraction, 
typical values for which are given in Fig. 89, page 114. In 
reality the effective area of the nozzle is that perpendicular to 
the stream lines and is the surface of the frustum of a cone, whose 
elements are perpendiculars dropped from the edge of the orifice 
to the needle. This area is slightly greater than that in the plane 
of the orifice. The nozzle tip diameter shoud be computed for 
a size of jet sufficiently large to carry the maximum load on the 
wheel. 

144. Pitch of Buckets.— In Fig. 122 the bucket A has just com- 
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e = 2d - 2 sin 8 

y 1 

But this value of the pitch angle would bo such as to permit tlio 
particle of water to merely touch the bucket before the latter 
swung up out of its line of action. In order to permit the watcu' 
to flow over the bucket a closer spacing than this is required. The 
time necessary for flow over the bucket may be represented by 
t' = I'/v', where I' is the length of path and v' the velocity 
relative to the bucket, a mean value being chosen between j;! 



and V 2 . It appears rather difficult to express this readily in a 
simple formula and the practical procedure appears to be to 
assume an approximate spacing for the buckets and then compute 
the probable time required for a particle of water to complete 
its flow. As a preliminary trial value we may assume the above 
value to be reduced by 20 per cent., in which case the number of 
buckets n may be found by 

n = 2ir/0.8 X 6 (63) 

As noted above, this value should be checked by a numerical 
computation. 

So far the bucket has been considered as if all points on its lower 
edge were at the same distance from the axis, whereas the buckets 
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li in I'lg. 122 to iuliy act. in other ■words, rcicrnng to iig. 122, 
the entrance edge of the bucket describes the are CE, but the 
extreme discharge edge describes a larger arc. This permits tlie 
use of fewer buckets on a wheel without involving any loss. It is 
not desirable to extend the part ifJSf to the same radius because 
that would make conditions less favorable when tlic biudcet first 
enters the jet. 

For a high specific speed wheel the runner diameter becomes 
relatively smaller for the same jet diameter and this shortens 
the length of the path CE (Fig. 122). In order tliat all the water 
may be fully utilized it is necessary to reduce the time required 
for the particle of water at C to catch up with bucket B. This 
can he done by reducing the pitch. 

But there is evidently a limit to this for mechanical reasons, 
as a certain amount of metal is necessary in order that each bucket 
may be securely fastened to the rim. Furthermore, the closer the 
buckets are placed together the quicker must the water dis- 
charged be gotten out of the way of the following bucket. This 
means that it must leave with a higher residual velocity, which 
means in turn that the kinetic energy lost at discharge is greater. 
This is one reason why the efficiency of an impulse wheel is 
less, if the specific speed is too high. After the number of buckets 
on a given wheel has been made a maximum, the only other means 
of increasing the specific speed is to lengthen the buckets still 
more, but this evidently soon reaches its limit. 

The curve representing the end of the portion of the jet in- 
tercepted by the bucket A may be drawn by plotting the path 
of the tip of the bucket relative to the jet. By computing the 
time necessay for bucket B to get to its extreme right hand posi- 
tion and then by moving CF the distance the water would travel 
in the same time interval, it is apparent whether any water 
is not utilized or not, and also the amount wasted can be approxi- 
mately determined.^ 

'Sec, “Theor-y of tlic Taniiential Waterwheel,” by R. L. Daugherty in 



In order to set the proper bucket .shiipe, curves may lie plotted 
showing the patli of the jot relative to the wheel, as in I'ig. 124. 
In the figure only one such curve is shown, tihat for the, top of the 
jet, and also we consider hero only one seedion, that in the plane 
of the paper; but other stream lines and other parallel planes 
should also bo used. It should he noted that this is the relative 
path for the free jet only. As soon as the watcir Hows over the 
buckets its absolute velocity is altenal, and cousoquontly its 


A 



Fio. 124. 


relative velocity and path arc different. But as the function of 
these curves is merely to aid in determining the entrance condi- 
tions they are sufficient. As the bucket first enters the jet, the 
water flows in over the lip in the center of the notch, as MN in 
Fig. 123. It is only after the bucket has travelled somewhat 
farther that the water strikes it fully on the “splitter.” As seen 
in Fig. 124, the face of the bucket along the lip should be such 
that the surface is approximately tangent to tlie relative path 
of the water, in order not to have any loss of energy at this 
point. After the bucket has moved along to another position 
where the jet strikes it in another place, the shape of that portion 
will be determined in the same way, but of course another por- 
tion of the curve will be used. Also the “splitter” should be 
approximately perpendicular to the relative path. (See Fig. 23.) 
It should be borne in mind that where the relative and absolute 

> Soe paper by Eckart to wliioh reference is made in. note on page 14G, 


actual position of the particle of water as it leaves the right hand 
side of the wheel in its absolute path. The use of those curves 
will enable one to determine the best shape for the bucket along 
the lip and along the splitter, as well as the best outline for tlie 
notch. 

But of equal importance with the design of the face of the 
bucket is that of the shape of the back. As the bucket A enters 
the jet in Fig. 124, its back should not intersect the curve of tlie 
relative path of the water. If it does intersect it, it indicates 
that the back of the bucket will strike the water in the jet and 
it is obvious that this would result in a loss of efficiency. The 
back of the bucket could strike the water, despite the higher 
velocity of the latter, because they are not moving in the same 
direction. Hence the back of the bucket should be no more 
than tangent to the curve shown. It is obvious that this matter 
should be investigated for other stream lines and other planes, 
besides the one shown. 

Ideally the water should be reversed by the bucket and dis- 
charged backwards, relatively, at an angle of 180°. But this is 
impractical because the water would then be unable to get out 
of the way of the next bucket. Hence such an angle should be 
used as will enable the water to be discharged with an absolute 
velocity whose lateral component is sufficient. As has been 
pointed out, the closer the buckets are placed, the greater must 
be the value of this velocity and hence the more this angle must 
be made to differ from 180°. The bucket angle used in practice 
is about 170°. 

If the shape of the bucket can be determined for the entrance 
and discharge edges by the application of the preceding principles, 
the bucket may be completed by joining these two portions with 
any smooth surface of double curvature. There should be no 
sharp curvature used nor anything which would tend to cause 
any abrupt change in the path or velocity of the water. 

146. Dimensions of Case. — The case should be made of suffi- 
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otherwise water will be thrown back upon the wheel and thua 
increase the so-called windage loss. This action is moat marked 
in many of the small laboi’atorj''wh(!elH that have Ijocn mado with 
very narrow cases. 

147. QUESTIONS AND PROBLEMS 

1. How may the diameter of a Polton wheel ho found for a given head, 
speed, and power? HoW may tho diameter of jet bo found? 

2. What aro the principles in tho design of a ncodlo iiozzlo? How may 
the size of the nozzle tip bo determined, if the jot diameter is given? 

3. How may tho necessary pitch for tho huckots of an iinpulso wheel 
be computed? 

4. Why is the tangential water wheel bucket mado ns it is with n notch 
in tho edge? Would it bo possible to have an elTiciont bucket without this? 

6. How may the specific speed of a I’clton wheel ho increased? What 
limits the maximum value of tho specific speed? 

6. How may tho shape of tho bucket at tho oixtranco edgo bo clotorminod? 
How is the shape of tho entire bucket fixed? 

7. Suppose an impulse wheel is required to dolivor 6,000 h.p. at 300 
r.p.m. under a head of 1200 ft. Find tho diameter of jot and tho diameter 
of wheel necessary. 

8. What would be tho approximate diamotor of tho orifice of the nozzle 
tip in problem (7) ? 

9. What would be tho probable pitch of the buckets in problem (7) and 
how many of them would be used on the wheel? 

10. The bucket for the wheel in problem (7) may be laid out on the 
drafting board. 


148. Introductory, — Assume that the head, speed, and power 
for a proposed turbine are known, the speed and power of the 
runner iiaving been so chosen as to give the specific speed neces- 
sary for the type of turbine desired. The type of runner will 
have been selected in accordance with the principles and considera- 
tions of the preceding chapters, so that, as the pi’oblem comes to 
the designer, it is merely a matter of designing a turbine to fit 
the specified conditions. 

It has been seen that practically all dimensions, factors, and 
even characteristics can be expressed as functions of the siDecific 
speed, hence the latter is the logical key to design. After the 
specific speed of the desired unit is known, the proper factors may 
be selected in the light of previous experience, and the necessary 
dimensions computed. 

The data given in this chapter is to be understood as merely 
typical of present practice. It is perfectly possible to alter any 
of the quantities given, witliin certain limits, providing other 
related factors are changed also. Consequently runners of the 
same specific speed may be built without their being identical in 
all other respects. Also, of the numerous variables, certain ones 
are assumed and the rest computed to con'espond. It is appar- 
ent that the practice of designers may vary according to what is 
assumed and what is computed, and hence the procedure given 
here is not the only one that may be followed. 

149. General Dimensions, — As explained in Art. 37, the value 
of <j)e increases in rational design as the specific speed increases. 
Customary values of this factor for different values of N, arc 
given by a curve in Fig. 126. As stated in the preceding article, 
this curve is not intended to be followed precisely, but the varia- 
tion from it should not be too great. 

Having selected a suitable value of for the type of runner 
desired, the diameter may be computed from equation (52), which 
reduces to 
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As an illustration of the possible variation in procedure, it may bo 
noted that we compute Cr after assuming the value of B. It 



would be equally proper to assume a value of Cr and compute the 
corresponding value of B. It should also be noted that the above 
factors involve the assumption that 5 per cent, of the total area 
is taken up by the runner vanes. After the design has progressed 
to the point where the number and thickness of the vanes can be 
determined, the above may be corrected if that refinement is 
deemed necessary. 

From equation (39), letting c„ = c„ cos ai, we have 

Cu = (67) 

In the case of high specific speed runners this value needs to be 
increased about 5 per cent., but it is substantially correct for 







tan i3i = Cr/(cu ~ (69) 

The number of Kuicio and runner Vfincs to bo used is decided 
somewhat arbitrarily, but one fundamental principle to be 
observed is that they should not be equal to each other nor any 
simple multiple, otherwise pulsations will be set up. For sim- 
plicity of design and shop reasons it is convenient to make the 
guide vanes a multiple of 4. Zowski's rule is that the number 
of guide vanes, n', may bo found by 

n' = K'Vd (70) 

whore K' = 2.5 for «i = 10° to 20°, Jl.O for on = 20° to 30°, 
3.5 for oil = 30° to 40°. Although K' increases with the specific 
speed, the diameter of the runner decreases for the same power so 
that actually the number of vanes is often less. 

In order to avoid any pulsations the runner vanes are often 
made an odd number, though other designers prefer to use an 
even number which is 2 loss than the number of guide vanes. 
Zowski’s rule is that the number of runner vanes, n, may be 
found by 

11 = IWD (71) 

where K = 3.7 for a low specific speed, 3,0 for a medium specific 
speed, and 2.2 for a high specific speed. 

160. Profile of Runner. — The profile of a runner is shown in 
Fig. 125 and the notation applied to it is clearly indicated. By 
D 2 is meant the diameter of the circle passing through the center 
of gravity of the outflow area. In Fig. 34 were shown a few 
typical profiles, and a more complete set is shown in Fig. 128. 

The exact shape of profile desired is determined largely by 
experience, a shape being used that had been found satisfactory 
for the specific speed in question. But it is also a matter of the 
whim or taste of the designer, as theory has little bearing on it 
directly. But the theory (Art. 66) does indicate that a very 
sharp radius of curvature is undc.sirablc and an excessive curva- 



With the values given by the curves in Fig. 126 and the aid 
of the samples shown in Fig. 128 and elsewhere, it is possible to 
lay out a profile that should be satisfactory. But before draw- 
ing in the outflow edge, it is necessary to consider the stream 
lines. Let us assume that all particles of water flow with the 
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Fio. 128. — Typical profiles. 
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same velocities and that the total rate of discharge is divided into 
equal portions. If then the water passages are divided into 
portions of equal cross-section area, it follows that the boundary 
lines between them must be stream lines. Hence the height B 
at entrance may be divided into equal portions, and for our pur- 
pose here we shall assume four. Also the draft tube may be 
divided into concentric rings of equal area, as shown in Fig. 125, 
the section CO being removed far enough from the runner for 
the stream lines to have become parallel. Then the curves in 
between may be sketched in by eye. It may be noted that, if at 
« *-. + C!Or»f.inTl n linA be drawn normal to these stream 


aDoui du per cent. Dciow me mean ana mat near me uana aoour 
50 pel- cent, above the mean velocity. This lowers the flow lines 
at entrance below the positions as determined above. Also the 
water in the draft tube, as in any other pipe, tends to flow with 
a higher velocity in the center than ai'onnd the circumference. 
In accordance with these considerations the tentative flow lines, 
as first sketched in, may be modified, according to judgement. 
If further refinement is desired, this second set of flow lines may 
be checked and corrected by the method given in Appendix B. 

The outflow edge may now be drawn by making it perpendicu- 
lar to these various stream lines. But for the portion near the 
crown this procedure may tend to bring the discharge edge too 
close to the axis of rotation. The theory (Art. 91) indicates 
that a large variation in the radii to points along the outflow 
edge is undesirable, and that the discharge edge should really be 
parallel to the axis of rotation. The latter is not practicable, 
but for this portion of the outflow edge a compromise is effected 
by making it about a mean between a line parallel to the axis 
and one which would be normal to all the stream lines. 

It should be noted that in these profiles we are dealing with 
circular projection, by which is meant that points are rotated 
about the axis of the runner until theyliein the plane of the paper. 
Thus the actual stream lines are not as shown in such a view, 
the lines drawn being merely circular projections of the actual 
paths. 

161. Outflow Conditions and Clear Opening. — In case a stream 
line is not perpendicular to the outflow edge it indicates that the 
relative velocity of the water leaving the runner is not really 
normal to the outflow area, as the latter would ordinarily be 
measured. It is thus more convenient to deal with components 
of the velocity in a plane normal to the discharge edge at the point 
in question. Keferring to Fig. 129, let us assume that the out- 
flow edge is actually in the plane of the paper. If a 2 = 90° be 
assumed to be the conditions for which the runner is to be de- 
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taken up by the vanes, hence the at discharge from the runner 
should be larger than that in the tube by a factor which may be 
assumed to be about 15 per cent. The absolute velocity of the 
water is ordinarily assumed to be uniform all along the outflow 
edge, but actually there may be some variation in it in certain 
types of runner because of the varying radii of curvature of the 
different stream lines. 

Values of V 2 may be laid off along their respective stream lines 
as indicated in Fig. 129, and, where they are not perpendicular 
to the stream line, components indicated by should be found. 
The latter will be used in the diagram below. 

The linear velocity of a point on the runner may be laid off at 
any radius perpendicular to a line representing this radius and 
a third line then drawn so as to form a triangle. It is often 
convenient to lay off ui at radius rj, as shown in Fig. 129. At 
any other radius the peripheral velocity is given by the inter- 
cept. Since 0:2 = 90° and 1^2 (or V^') is known for each stream 
line, a velocity diagram may be drawn with U 2 as a base, and as 
many of these constructed as there are stream lines. It should 
be noted that the crown and band of the runner form boundaries 
and hence furnish stream lines also. The series of diagrams so 
constructed, as in Fig. 129, give the values of the relative 
velocities and the direction of the runner vane at outfliaw for 
various points along its edge, if the absolute velocity of dis- 
charge is to be at 90°. 

The clear opening is the shortest distance from a point on the 
discharge edge of one vane to the back of the next vane. This 
is shown in Fig. 129 and it may be seen that the clear opening is 
practically equal to pitch X sin ^'2 — vane thickness. The pitch 
at any radius is known, since the number of runner vanes are 
known. It may conveniently be found by laying off a value for 
the pitch at some radius, similar to the procedure for the veloci- 
ties above, and then the pitch at any other radius may be found 
by using the proper intercept. This diagram should be drawn 
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may be found graphically at any point by laying off a line from 

the end of the pitch distance perpendicular to the vector v\ 



marked. Since tlie angle through which it is rotated is usually 
not very great, the error is small and hence this area in the 
plane of the paper may be taken as the true outflow area between 
two runner vanes. 

The rate of discharge through any section of the outflow area 
may now be determined by multiplying each sectional area by 
tlie average value of the component of the relative velocity 
through it. In reality the true outflow area is normal to the 
true relative velocity, but in case the latter is not in the plane 
perpendicular to outfloAv edge, we obtain the same product by 
the method used. 

The rate of discharge for the turbine may now be computed as 

q = cn'2v'%Aa2 (72) 

where n denotes the number of vanes, v '2 the average value of the 
relative velocity for the section considered and in the plane 
defined, and Aa 2 the element of area between two stream lines. 
The coefficient of discharge may be taken as 0.95 for low specific 
speed runners, 0.90 for medium specific speed runners, and 0.85 
for high specific speed runners. This is really a coefficient of 
contraction, since the actual stream areas are less than the areas 
at the end of the converging passages. 

If the rate of discharge is not the exact quantity required, the 
outflow area may be altered somewhat by shifting the position 
of the crown or by chairging the outflow edge until the desired 
result is obtained. It may be noted that the friction in flow 
through the runner passages will be less along the middle stream 
lines than for those near the crown and band. The relative 
velocity will thus be a little higher in the middle and to preserve 
a “radial” discharge all along the edge it will be necessary to 
decrease the angle ^ 2 , which can be done by increasing the clear 
opening a trifle along the middle portion. By the same line of 
reasoning the opening may be reduced slightly at each end. 

162. Layout of Vane on Developed Cones. — By the methods 
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Fia. 130. 

These elements should be so taken as to cut both the discharge 
and the entrance edges and it is desirable also to have them 
approximately perpendicular to the outflow edge. If this re- 
quirement in some instances causes the vertex of a cone to be 
removed to too great a distance, a cylinder may be used instead, 
the cylinder being a special case of the cone. 

■ It is desirable to begin with the cone nearest the crown, as 




Fig. 131.— Layout of vanes on developed cones. 


From P are described two arcs whose radii are equal to the clear 
opening at M and the clear opening- plus the vane thickness. 
From M the two sides of a vane are then drawn tangent to these 
arcs, as shown. The actual vane is sharpened on the end, so as 



the shape of discharge ends of the vanes are completely fixed. 
It may be noted that the clear opening PS is a constant distance 
for any cone taken through point M in Fig. 130.. 

In the case of the entrance ends of the vanes we might proceed 
in the same way, but it is usually more convenient to lay off the 
vane angle instead. It may be noted Iiowevcr that the value of 
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the angle on the developed cone is different for different cones 
through the same point. In the most general case the entrance 
edge of a runner may be inclined to the axis of rotation at an 
angle y as shown in Fig, 132, and also it may not be in the same 
plane as the axis but in another plane at an angle «. Let the 
elements of the cone make an angle 9 with the axis, while the 
projected stream line at entrance makes an angle 8 with the 
axis. It may be noted that the actual velocity diagram should 
always be in the plane of the stream line, and is not necessarily 
in a plane perpendicular to the axis. If the angle of the relative 
velocity j3i becomes /3"i on the developed cone, it may be proven 
by geometry and trigonometry that 

tan = tan 

sin {& + 7 ) 
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The complete vane is now MR. The next vane PQ should be 
drawn in order to find out if the cross-section area continuously 
decreases from entrance to outflow. 

A similar procedure may be gone through with for the other 
cones or cylinders, except for one restriction. The relative 
position of M and R is purely arbitrary in the first cone used, 
but for all the remainder this much is fixed. Usually runners 
are so constructed that all points along the outflow edge are in 
one plane and furthermore this plane contains the axis of rota- 
tion. Our discussion will therefore be confined to this case, 
though the method could readily bo extended to the more general 
treatment, if desired. If all points along the entrance edge are 
in the same plane and this plane contains the axis (the angle e 
being zero), the arc NR subtends an equal number of pitches or 
fractions'thereof in every cone or cylinder. This is most con- 
veniently laid off on the drawing board by establishing an arc 
at a fixed radius from the axis of rotation and putting this in 
every cone. Its length is the same in every case. It is conven- 
ient to take this arc through the point where the diameter D is 
measured. 

If the entrance edge is inclined, as indicated by the angle e 
in Fig. 132, the runner vane near the crown subtends a greater 
angle than that portion nearer the band, and a different length 
of arc is used in different cones. 

If it is difficult or impossible to secure proper vane curves 
in some of the cones, it may be necessary to go back to cone A and 
to change the position of R so that the vane MR subtends a 
different angle. One advantage of inclining the entrance edge, 
so that it makes the angle as shown, is that it permits of securing 
better vane curves in all the cones, in some instances. This is 
particularly true in the case of high specific speed runners. 

163. Intermediate Profiles. — The various cones and cylinders 
of Fig. 131 are next divided up into fractional pitches, preferably 
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it follows that i:)roliles can be rlrawn through all the points with 
the same number in Fig. 130. If the vane surface is proper, 


Fiq. 133. — Model constnieted by Lewis P. Moody illustrating development of 

vtine surface. 



these profiles will all be smooth curves, and will all be similar 
but changing gradually from the entrance edge to the discharge 
edgei If the curves are not smooth and of the proper shape, it 
will be necessary to change the vanes laid out on the developed 
cones until both the profiles and the curves on all the cones are 
satisfactory. Thus these profiles serve as a check on the work, 
andjialso are desirable in order to determine the pattern maker’s 
sections. 


curve in it which inuy be found as follows. In Fig. 134 a portion 
of this plane is drawn and it is subdivided into the same fractional 
pitches as the various developed cones. The distance .ZF may 
be transfen'ed from Fig. 130 to Fig. 134 and laid off in plane I. 





Pig. 134. — Pattornmaker's sections. 


The distance XZ may be transferred in similar manner and laid 
off along plane 11. Proceeding in this way the entire curve may 




Fig. 134 may be laid out. ihcso boards, when placed together, 
as in Fig. 135, and the surface smoothed down, give the proper 
shape of the vane surface. In this way the core box for the vane 
may be formed. 

Since the vane has both a front and a back surface which differ 
slightly from each other, this entire proceeding is carried through 


for both surfaces. It is desirable to draw the profiles and pattern 


(Couric«y of IVeUwan-Seawr-ilfort^aH Co.) 

J?iG. 136. — Construction of pattern for rear face of coro box for runner vane. 
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it may be seen that the radius of a point on the outer boundary 
is given by r = -x/cO + K where c and K are constants and 0 
the subtended angle, as this curve will give an area which is 
directly proportional to the angle. For any other change of 
cross section, it is easy to determine the form necessary by apply- 
ing the principle that the area must vary as the subtended angle 
at the runner axis. 



The path of a free stream line in the case may be plotted by 
the principles of Art. 66. If V„ be the velocity with which the 
water enters the case and at radius ?•„, the tangential component 
of the velocity at any other radius is given by 

V» ■= V^/r 

while the radial component is given by 

Vr = q /2Trrb 

where r is the radius in feet to any point and b the height of the 
water passage in feet. These two components give the direction 
of the water at any radius, and by sketching in a series of tangents 
it is easy to plot the path by a little trial. 

If speed ring vanes are used, they should be so shaped as to 


that they ai'e tangent to the tree stream lines ol the water entering. 
If the turbine is set in an open flume or case where free stream lines 
cannot readily be plotted, the guide vanes are made so as to 
approach a radial direction at this point. 

The direction of the water is clianged during flow through the 
guide passages from that of the free stream line to the direction 
desired. After a particle of water passes point a in Fig. 137, its 
direction should remain unchanged until it strikes the runner, as 
it is now following a free stream line once more. Since the space 
between guide vanes and runner vanes is one of a uniform height, 
it may be shown that free stream lines are then equi-angular or 



logarithmic spirals. Thus the portion of the vane from a to h 
should be such a curve. The other side of the vane may be 
either a straight line or another logarithmic spiral. The equation 
of the equi-angular spiral is tog„ r = 6 tan a, where a is the angle 
desired and 8 is the subtended angle. 

There should be considerable clearance between the ends of 
the guide vanes and the runner vanes so that the streams of water 
from the guides may unite into a solid ring before entering the 
runner. In particular the point of intersection o of Fig. 137 
should be located outside the runner, so that no eddies maybe 




167. QUESTIONS AND PROBLEMS 


1. Given the head, speed and power for a reaction turbine, how may the 
size of the runner, the height of the guide vanes, and the diameter of the 
draft tube be determined? 

2. For the ease in problem (1), how would the guide vane angle and the 
runner vnno angle bo determined? What principles are involved in deciding 
upon the number of guide vanes and runner vanes? 

3. How is the profile of a runner to be fully determined? How should the 
stream lines be drawn in? 

4. How may the clear opening of a turbine runner be determined? 

6. How may the capacity of a runner be checked? What changes can 
be made. in order that its capacity may be exactly that desired? 

6. How are runner vanes laid out on developed cones? 

7. Having the vanes laid out on developed cones, how may the intor- 
modiato profiles be constructed?' What use is made of these? 

8. How are pattern maker’s sections drawn? 

9. What is the object of plotting the free stream lines in a spiral case? 

10. How should guide vanes be shaped? What other factors should be 
considered in their design? 

11. A turbine runner is to deliver 4000 h.p. at 600 r.p.m. under a head of 
305 ft. Determine D, B, D,, Dd, ai, ffi, Fj, number of guide vanes, and 
number of runner vanes. 

Ans. D -37 in., B = 6.67 in., D, = 34.4 in., Di = 33.3 in., a, = 16°, 
0'i = 102°, Fj = 25.6 ft. per second, 24 guide vanes, and 22 runner vanes. 

12. A turbine runner is to be designed for 2000 h.p. at 300 r.p.m. under a 
head of 88 ft. Find same as in problem (11). 

Ans. D = 43.2 in., B = 16.4 in., ai = 20°, fi'i = 125°, 20 guide vanes, 
and 18 runner vanes. 

13. A runner is to be designed to deliver 3000 h.p. at 200 r.p.m. under a 
head of 64 ft. Find the results called for in problem (11). 

14. Find the allowable height above the tail water level for each of the 
runners in the preceding three problems. 

16. Draw profile, sketch tentative flow lines, construct velocity diagrams, 
lay out vanes on cones, and draw patternmaker’s sections for one of the 
turbines given above. 



168. Definition. — Centrifugal pumps are so called because of 
the fact that centrifugal force or the variation of pressure due to 
rotation is an important factor in their operation. However, 
as will be shown later, there arc other items which enter. 

The centrifugal pump is closely allied to the reaction turbine 
and may be said to be a reversed turbine in many respects. 
Therefore it will- be found that most of the general principles 
given in Chapter VII will apply here also with suitable modifica- 
tions. Energy is now given up by the vanes of the impeller 




Fig. 139. — Volulo pump. 


to the water and we have to deal with a lift instead of a fall. 
The direction of flow through the impeller is radially outward. 
During this flow both the pressure and the velocity of the water 
are increased and when the water leaves the impeller a^^large 
part of its energy is kinetic. In any efficient pump it is neces- 
sary to conserve this kinetic energy and transform it into pressure. 

169. Classification. — Centrifugal pumps are broadly divided 
into two classes; 

1. Turbine Pumps. 


The turbine pump is one in which the impeller is surrounded by 
a diffusion ring containing diffusion vanes. These provide 
gradually enlarging passages whose function is to reduce the 
velocity of the water leaving the impeller and efEciently trans- 
form velocity head into pressure head. The casing surrounding 
the diffuser may be either circular as shown in Fig. 138 or it may 
be of a spiral form. This latter arrangement would be similar 
to that of the spiral case turbine shoAvn in Fig. 65. 

The volute pump is one which has no diffusion vanes, but, 
instead, the casing is of a spiral type so made as to gradually 
reduce the velocity of the Avater as 
it flows from the impeller to the dis- 
charge pipe. (See Fig. 139.) Thus 
the energy transformation is ac- 
complished in a different way. The 
spiral curve for such a case is usu- 
ally called the volute, and from this 
the pump receives its name. 

The discussion of the volute pump 
will apply equally well to all other 
types without diffusion vanes. The 
only difference Avill be that these 
other types are less efficient and also it will probably be im- 
possible to express the shock loss at exit in any satisfactory way. 
Some of these other types have circular cases with the impeller 
placed either concentric or eccentric within them. Their only 
merit is cheapness. 

160. Centrifugal Action. — If a vessel containing water or any 
liquid is rotated at a unifrom rate about its axis, the Avater will 
tend to rotate at the same speed and the surface will assume a 
curve as shown in Fig. 140. This curve can be shown to be a 
parabola such that h = Ui^/2g, where = linear velocity of 
vessel at radius r^. If the water be confined so that its surface 

P.n.nnnf- rklnonfr/a nrACQiiTPi will fnllmv flip. .cin.mP. lavv. fl,S shown 



MS that for tlio turbine. To this, however, wo shall add a! ^ 
as the angle the diffusion vanes make with « 2 , and subscript (3) to 
denote a point in the casing. 




The actual lift of the pump will be denoted by h, while the head 
that is imparted to the water by the impeller will be denoted by 
h". If h' represents all the hydraulic losses within the pump and 
e& represents the hydraulic efficiency, we may write 

h = Ca/j" = h" - h' (74) 

It will also be found to be more convenient to express all veloc- 
ities in terms of U 2 and V 2 . 

Whereas turbines are rated according to the diameter of the 
runner, centrifugal pumps are rated according to the diameter 
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of the discharge pipe is a discharge loss which should be added. 

Tlie liead may also be obtained in a test by taking the dif- 
ference between the total heads (Equation 3) on the suction 
and discharge sides of the pump. If the suffix (S) signifies a 
point in the suction pipe and suffix (D) a point in the discharge 
pipe we have 


h 



w 


-\- Zd — Zs-\- 


2ff 


2ff 


(75) 


In this case pn/w represents the pressure gage reading reduced 
to feet of water wliile pa/w represents the suction gage reading 
reduced to feet of water. In general the latter pressure will be 
less than that of the atmosphere. In such a case ps/w will be 
negative in value. 

The word efficiency without any qualification will always 
denote gross efficiency, that is the ratio of the power delivered 
in the water to the power necessary to run the pump. The hy- 
draulic efficiency is the ratio of the power delivered in the water 
to the power necessary to run the pump after bearing friction, 
disk friction, and other mechanical losses are deducted. The 
hydraulic efficiency is therefore equal to Wh/Wh" or h/h". 
This latter expression is termed manometric efficiency by some 
and is treated as something essentially different from hydraulic 
efficiency. If the true value of h" could be computed, the value 
of the hydraulic efficiency so obtained would be the same as 
that obtained experimentally by deducting mechanical losses 
from the power necessary to drive the pump. Actually the 
ratio of h/h" will usually be less than this value but that is due 
to the fact that our theory is imperfect. (Art. 167.) 

163 . Head Imparted to Water. — By reversing equation (19) 
in Art. 60, since we are now dealing with a pump and not a tur- 
bine, we may write 

h>' = I = ^ {uaV^., - UiVu,). 


the eye of the impeller mid oven in the suction pipe may be set 
into rotation. The offoct is as if the vanc.s of the impeller 
extended to this space. For this reason we shall drop the last 
term in the above equation and write 


li" = ^ MsFuj = (m 2 + cos fiz) (7(5) 

By another line of rea.sonin( 5 , or by a slight transformation of 
equation (76), we may obtain 


■j.n _ I 

- 2, - 2J+ 2„ 


(77) 


Sometimes one of these forms is more convenient than the othei'. 

Inspection of equation (76) shows that if the pump is to do 
positive work, y „2 must be positive. Thus the absolute velocity 
of the water must bo directed so as to have a component in the 
direction of rotation. If tho pump speed, rtj, be assumed constant, 
equation (76) will plot as a straight line for values of Wa (or q). 
If 02 is less than 90°, the value of h" will increase as the rate of 
discharge increases above zero. If 02 is equal to 90°, h” will be 
independent of the rate of discharge and will plot as a horizontal 
line for all values of fa. If 02 is greater than 90°, the value of 
h" will decrease as the rate of discharge increases. (See Fig. 144.) 

Since it is difficult to transform velocity head into pressure 
head without considerable loss, it is desirable to keep the abso- 
lute velocity of the water leaving the impeller as small as pos- 
sible. For that reason the best pumps have vane angles as near 
180° as possible in order that the relative velocity may be nearly 
opposite to the peripheral velocity of the impeller. 

164. Losses. — In accordance with the usual methods in 
hydraulics, the friction loss in flow through the impeller may be 
represented by kv 2 '^/ 2 g, where k is an experimental constant. 
A study of Fig. 142 would indicate that there is no abrupt change 
of velocity at entrance to the impeller under any rate of flow ; 


case of the reaction turbine in Art. 86. Referring to Fig. 143, it 



l<’io. Ii2 . — Velocity diagram for three rates of discharge. 


may be seen that the velocity Fa and the angle az will be deter- 
mined by the vectors us and Vz. Since the vane angle a'z is 
fixed there can be only one value of the discharge that does not 


If h' — ^ > tlicii for tlic! turbine pump tlic shock loss 

sm a 2 

'is approximately equal to 

(?<2 - k'viY^ 

2 „ 

For the turbine pump the’ total liydraulic loss may be repre- 
sented by 



Fio. 143. 


Since the volute pump has no diffusion vanes, there will be no 
abrupt change in the direction of the water at exit from the im- 
peller, but there may be an abrupt change in the magnitude of 
the velocity. The water leaves the impeller with a velocity Y 2 
and enters the body of water in the case which is moving with a 
velocity Vi. In accordance Avith the usual law in hydraulics 
this shock loss may be represented by 

{V 2 ~ 

2|7 

For the usual type of pump V2 will decrease as the discharge in- 
creases, and in any case F3 must increase as the quantity of 
water becomes greater. If the discharge becomes such that the 
two are equal then there will be no shock loss. The value of F2 
may be expressed in terms of uz and Vz, and if the ratio of (az/As) 
be denoted by n, we have Vs = nvz. Making these substitutions 
*L. M. Hoskins. “Hvdraiilifis.” n. 237. 



inougu tiic values or re may be dinercm ior the two types and 
though the expressions for shock loss are unlike in appearance, 
yet it can be seen that the losses in each case follow the same 
general kind of a laAv. In the turbine pump Ave have a gradual 
reduction of velocity but, except for one value of discharge, a 
sudden change in direction as the water leaves the impeller. 
With the volute pump we have no abrupt change of direction but 
a sudden change of velocity. The transformation of kinetic 
energy into pressure energy is incomplete in either case, but it 
is generally believed that the loss is sfjmewhat greater in the 
volute pump than in the turbine pump. 

For an infinitesimal discharge the value of the velocity in the 
case, Vi, would be practically zero. Therefore a particle of 
water leaving the impeller with a velocity and entering a body 
of water at rest would lose all its kinetic energy. For such a 
case, however, the value of would be also practically zero so 
that Vi would equal Ui. Therefore for a very slight discharge the 
shock loss would be h' = U2^l2g. Such a value of h' may be ob- 
tained from either (78) or (79) by putting !;2 = 0. 

166. Head of Impending Delivery. — The head developed by 
the pump when no flmv occurs is called the shut-off head or the 
head of impending delivery. We are then concerned only with 
the centrifugal head or the height of a column of water sustained 
by centrifugal force. In Art. 160 this Avas shown to be equal to 
Ui‘^l2g. The same result may be obtained from the principles 
of Art. 163 and Art. 164. If vz becomes zero, then by equation 
(76), h" — Ui^/g = 2 u^l2g. But, as was shown in Art. 164, the 
loss of head. In! = UzV2p'. Therefore h — h" — h' = ui^l2g. 

Although ideally the head of impending delivery equals u^l2g, 
Ave find that various pumps give values either above or below 
that. This may be accounted for in a number of ways. In any 
pump Ave never have a real case of zero discharge; for a small 
amount of water, about 5 per cent, of the total rated capacity 
perhaps, will be short cireuited through the clearance spaces. A 


directed backward, the more tendency there is for internal eddies 
to be set up and these tend to decrease the head. Also if the 
water in the eye of the impeller is not set in rotation at the same 
speed as the impeller the head may be further reduced. There 
is also a tendency for the water surrounding the impeller to be 
set in rotation but this, on the other hand, helps to increase the 
head since the real value of is greater than the nominal value. 

It will usually be found that actually the head of impending 

delivery may be from 0.9 to 1.1 75 -- 

166. Relation between Head, Speed and Discharge. — When 
flow occurs the above relation no longer holds, for other factors 
besides centrifugal force enter in. Due to conversion of velocity 
head into pressure head when water flows, a lift may be obtained 
which is greater than Ui^/2g. (See Fig. 144.) 

This may be shown best by equation (77), when the losses are 
introduced. The hydraulic friction loss in flow through the im- 
peller may be represented by hvi^/2g. Then at discharge from 
the impeller a portion of the kinetic energy is lost within the 
diffuser or witliin the volute case, and the remainder may be 
represented by mVi^l2g, where m is a factor less than unity. 
Deducting the losses from the expression for h" in equation (77) 
we have 

A" = |-(l+k)|Vm:g (80) 

If the factor involving 72 is greater than that with vi, the head will 
be greater than the shut-off head, while the reverse is true if it 
is less. 

In order to produce a pump with a rising characteristic, it is 
not only necessary to conserve the kinetic energy of the water 
discharged from the impeller, or in other words to keep the factor 
m high, but it is also necessary to have Vi large and Vi small. 
But a pump with a falling characteristic is not necessarily any less 
efficient than the former t 3 '’pe. The factor m may be high but yet 



till vane angles greater than 90, and m fact as large as 154, 



Fig. 144. — Ideal curves for a turbine pump. 

y manifest decidedly rising characteristics, while certain im- 
lers with radial vanes have given steep falling characteristics 
1 not flat characteristics^ 
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and also tne rate or discnarge anects two dinerent variaoies V 2 
and V 2 , which are in reality related to each other. For some 
purposes, therefore, it is better to derive the following forms 
of equations. 

The actual lift of the pump li may be obtained by subtracting 
the losses h' from the head h" imparted by the impeller. The 

value of h” will be taken as f values of h' 

a 

are given in equations (78) and (79). 

Making these substitutions for the turbine pump we obtain 
after reduction 

+ 2 (fc' + cosfii) U 2 V 2 — (k + k'^) = 2gh. (81) 

For the volute pump we obtain after rearranging 
zi 2 ^ + 2 nii 2 -\/ W 2 ^ + 2 H 2 V 2 cos ^2 + V 2 ^ — (1 + k+ n^) V 2 ^ = 2gh (82) 

These equations involve the relation between the three vari- 
ables U 2 , Vi, and k. Any one of these may be taken as constant 
and the curve for the other two plotted. If the pump is to run 
at various speeds under a constant head, the latter will then be 
fixed and we may determine the relation between speed and 
discharge. The more common case is for the pump to run at a 
constant speed. For that case values of h may be computed for 
different values of Vi. The curves for a turbine pump run at 
constant speed are shown in Fig. 144. 

Although it will not be done here, it will be found convenient 
to introduce ratios or factors as was done in the case of the tur- 
bine. We may write ttg = 2gh and V 2 = cs/^i and using 
these in equations (81) and (82) we obtain relations between c 
and (i> similar to equation (40). As in the case of the turbine 
it will be found that the best efficiency will be obtained for a 
certain value of <f> and c. It will thus be clear that the speed of 
the pump should vary as the square root of the lift, and that the 
best value of the discharge will be proportional to the square 

1 ... ... . .• 


shape as those drawn for a constant speed it will be necessary to 
plot values of and of • 



The value of <i> for the maximum efficiency depends upon the 
design of the pump. By choosing different values of /Sj and either 
(x '2 or n, and different numbers of impeller vanes and other fac- 
tors, a pump may be given a rising or a flat or a steep falling 
characteristic. The values of <t> for the highest efflciency range 
from about 1.30 down to about 0.90. This means that the 
normal head is usually 

h = 0.6 to 1.1-^- 

The value of Cr, the coefficient of the radial velocity at the point 
of outflow from the impeller, is usually from 0.05 to 0.15. All 

this chanter are based unon the 
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purposes, therefore, it is better to derive the following forn 
of equations. 

The actual lift of the pump h may be obtained by subtractii 
the losses h' from the head h" imparted by the impeller. T! 

value of h" will bo taken, as the values of 

9 

are given in equations (78) and (79). 

Making these substitutions for the turbine pump we obta 
after reduction 

W 2 * + 2 (/c' + cos/ 32 ) u^Vi — (fc + /c'®) = 2gh. (8 


For the volute pump wc obtain after rearranging 
ii 2 * + 2 nv 2 \/ + 2 U 2 V 2 cos ^2 + — (1 + n®) = 2gh (8 

These equations involve the relation between the three va: 
ablea W 2 , 2 ^ 2 , and h. Any one of these may be taJeen as consta 
and the curve for the other two plotted. If the pump is to ri 
at various speeds under a constant head, the latter will then ' 
fixed and we may determine the relation between speed ai 
discharge. The more common case is for the pump to run at 
constant speed. For that case values of h may be computed f 
different values of V 2 - The curves for a turbine pump run 
constant speed are shown in Fig. 144. 

Although it will not be done hero, it will be found convenie 
to introduce ratios or factors as was done in the case of the tr 
bine. We may write M 2 = 2gh and V 2 = c\/2gh and usii 
these in equations (81) and (82) we obtain relations between 
and </) similar to equation (40). As in the case of the turbi: 
it will be found that the best efficiency will be obtained for 
certain value of (/> and c. It will thus be clear that the speed 
the pmnp should vary as the square root of the lift, and that tl 
best value of the discharge will be proportional to the squa 

- 1 . * 
root of the lift. Since k = apparent that the li 
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ited in = c^y2gh we obtain Va = Ut, and this shows that the 

est value of the discharge varies directly as the speed. 
Curves between c and </> will be of the same appeai'ance as those 
rawn for a constant value of h. To construct curves of the same 
rape as those drawn for a constant speed it will be necessary to 

lot values of and of • 



The value of <f> for the maximum efficiency depends upon the 
;sign of the pump. By choosing different values of jSj and either 
2 or n, and different numbers of impeller vanes and other fac- 
rs, a pump may be given a rising or a flat or a steep falling 
laracteristic. The values of 4> for the highest efficiency range 
om about 1.30 down to about 0.90. This means that the 
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pump must be regarded as only rough 
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llioro is ii dead water space on the rear of each vane, thus the 
actual area will be less than the nominal area used in the 
computations. This is probably a larger item than the contrac- 
tion of the streams mentioned in connection with the turbine. 
The ordinary pump has no guide vanes at entrance to the impeller 
and the conditions of flow at that point are uncertain. 

The more vanes the impeller has the more perfectly the water 
is guided and the more nearly the actual curves approach the 
ideal. It is necessary to have enough vanes to guide the water 
fairly well but too many of them cause an excessive amount of 
hydraulic friction. Within reasonable limits — say 6 to 24 — the 
cfliciency is bid; little affected. If the use of few vanes lowers 
the value of h, the value of h" is lowered at about the same rate 
so that the ratio of the two is but little altered. 

168. Efficiency of a Given Pump. — If a given piunp is run 
at different speeds the lift should vary as the square of the speed, 
the discharge as the speed, and the water h.p. as the cube of 
the speed. If the efficiency of the pump remained constant the 
horsepower necessary to run the pump would also vary as the 
cube of the speed. It is probable that the hydraulic efficiency 
is reasonably independent of the speed. The mechanical losses, 
however, do not vary as the cube of the speed. For low speeds 
the mechanical losses do not increase so fast and thus the gross 
efficiency of the pump will improve as it is used under higher 
heads at higher speeds. After a certain limit is reached, how- 
ever, the mechanical losses follow another law and for very high 
speeds they will increase faster than the hydraulic losses and 
the efficiency will begin to decline. Thus for a given pump 
run at increasing speeds the maximum efficiency will increase 
and then decrease again. It is thus clear that the head which 
may be efficiently developed with a single stage is limited. 
For higher heads it is necessary to resort to multi-stages. 

These conclusions regarding efficiency are borne out by the 
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the efSciency curves for the various speeds. 
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Flo. 147. — Cliaraotoristic curvo of a 4-stage turbine pump. 

169. Efficiency of Series of Pumps. — For a given pump the 
speed and head are seen to have some influence upon its efficiency. 
However, the capacity for which it is designed is the greatest 
factor. Suppose we have a series of impellers of the same 
diameter and same angles running at the same speed, the lift 
will be approximately the same for all of them. Suppose, how- 
ever, that the impellers are of different widths. The discharge 
will then be proportional to the width and the water horsepower 
is proportional to the discharge. But the bearing friction and the 
disk friction are practically the same for all of them. In addition 
the hydraulic friction in the narrow impellers will be greater 
than that in the larger ones. It is therefore evident that the 
efficiency of the high-capacity impellers will be much greater 
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factor for centrifugal pumps is as useful as that for hydraulic 
turbines. By it, -we can at once determine the conditions that 
are possible for a pump of existing design, and can also select the 
most suitable combination of factors for a proposed pump for 
any case. It also serves to classify pump impellers as to type 
in the same way that it indicates the type of turbine runner. 



Capacity in Gal. per Min. 

Fig, 148. — Efficiency as a function of capacity. 

Thus a low value of the specific speed indicates a narrow impeller 
of large diameter, while the reverse is true for a high value. 

For the centrifugal pump, however, it is more convenient to 
use a different form for this factor than for the turbine. We 
are not primarily concerned with the power required to drive 
a pump, but have our attention centered first upon its capacity. 
But since the capacity and power are directly related, it is seen 
that we are merely expressing the specific speed in different 
units. Since, as in the case of the turbine, q = KiD^\/h, and 
N = 18400 s/hlD, wo may eliminate D between the tivo equa- 
tions and obtain 



Siii(!() '148 (l.P.M. = 1 cu. ft. iJor .second, it m;iy In; H(!cn tlnit 
N, 21.2N\. 

'Ifur a ninKlo impeller, vahies of N„ ordinarily ranj>;e, from .5()() 
to 8000. Tiii.s latter fifi;nro has been f^reatly exceeded in a few 
ca.seH of .special types. .I\i.st as in the case of tin; tnrliiiu^, ilie 
(dlicioncy' may bo expressed as a function of the specific! speed, 
a,s i.s siiown in Fig. 149. 



171, Conditions of Service. — Centrifugal pumps are used for 
lifting water to all lioiglits from a few feet to several thousand. 
Several jiumps have been built to work against a head of 2000 
ft., tliough these arc all multi-stage pumps. The usual head per 
stage is not more than 100 to 200 ft., though this figure has been 
exceeded in numerous in.stance.s. 

The capacities of centrifugal i)ump3 ranges all the way from 
very small values up to 300 cu. ft. per second or 134,500 gal. per 
minute. Rotative speeds range ordinarily froitr 30 to 3000 
r.p.m. according to circumstances. All the above figures are for 
nrtlimirv nractiee. and are not meant to be the limitiinr values 




di.'uncter of impeller for the same capacity. 

Water leakage from the discharge to the suction side is minim- 
ized by the use of clearance rings, as in the case of turbines, and 
sometimes labyrinth rings are used so as to provide a more tor- 
tuous passage for the leakage water. The leakage of air along 
the shaft on the suction side should be prevented by a water seal 
in addition to the usual packing. 

The end thrust is taken care of by a thrust bearing, by sym- 
metrical construction, as in the case of the double suction pump or 
a multi-stage pump with impellers set back to back, or by use of 
an automatic hydraulic balancing piston. The majority of multi- 
stage pumps are built with the impellers all arranged the same 
way in the case as this permits the most direct flow from one 
impeller to the next and also simplifies the mechanical 
construction. 

173. QUESTIONS AND PROBLEMS 

1. Why is the centrifugal pump so called? How does the pressure and 
velocity of the water vary as it flows through such a pump? 

2. What classes of centrifugal pumps are there, and how do they differ? 

3. What is the difference between the head imparted to the water and 
the head developed by the pump? How is the latter measured in a test? 

4. What are the important hydraulic losses in the centrifugal pump? 
What is meant by the head of impending delivery ? What is its approximate 
value? 

6. How may the head var-y with the rate of discharge, the speed being 
constant? Why is this? 

6. If a given centrifugal pump is run at a different speed how will the 
head, rate of discharge, power, and efficiency vary, assuming that the con- 
ditions are such that <!> is constant? 

7. Why is the efliciency of a centrigufal pump a function of its capacity? 

8. What is meant by the specific speed of a centrifugal pump? What 
is the use of such a factor? 

9. The diameter of the impeller of a single-stage centrifugal pump is 6 in. 

If it runs at 2000 r.p.m., what will be the approximate value of the shut-off 
head and the head for the rate of discharge corresponding to maximum, 
efficiency? Ans, 42.5 ft. and 30 ft. 
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speed f Ana. lU'io r.p.in. 

14. Compute the specific speed for the pumps in problems (12) and (13). 
16. Computo the factors by wliioh must be multiplied to give the 

shut-off head and the head for highcBt clliciency for the pumps whose tests 
are given in Appendix C, Tables 14 and 1.6. 



THE RETARDATION CURVE 


Let the relation between instantaneous speed and time be 
represented by the curve shown in the figure. Let 
N = r.p.m. 
t = seconds. 

.s = length of subnormals in inches. 

X = distance in inches. 
y = distance in inches. 

7n = seconds per inch. 

71 = r.p.m. per inch. 

I = moment of inertia of the rotating mass in ft.-lb. sec.® 
units. 



Fio. 160 . 

Thus y = N/n and x = t/m 

w = radians per second = 2TrN/Q0. du/dt = (27r/60)dN/dL 
From mechanics, Torque = Ido)/dt. Power = ludu/dt. 

Power = {2Tr/Q0yimN/dt 

Tan <j) = dy/dx = {dN/n) {dt/m). 

But also tan qb = s/y. Equating these two, dN/dt = nsfmy. 
Thus 


airecjt experimenT;. 



STREAM LINES IN CURVED CHANNELS 


The following theory is based upon certain assumptions which 
aro only approximately realized in practice; but yet there are 
many cases which approach these conditions so closely that the 
methods here given may be successfully applied.^ Assume that 
across any section, such as AB in Fig. 151, the total head is 
(ionstant. This will be true if all particles of water, coming from 
some source, have lost equal amounts of energy en route and thus 
all reach the section AB with an equal store of energy. Actually 
some particles of water may have lost more than others. But 



Fra. 151. 


if'it be assumed that the total head across the section is constant, 
it follows that, if the pressure is higher at any point, the velocity 
will be lower than at some other point and vice versa. Owing to 
centrifugal action, the pressure at B will be greater than that at 
A and hence the velocity will decrease along the line from A to 
B, the line AB being normal to the stream lines. 

T TTIi 1 rr "I 1_J. — . A r» 


pressure on the two forces and wAAdn cos a as the component 
of gravity. The normal acceleration is FVp- Hence we may 
apply the proposition that force equals mass times acceleration 
and obtain 

dpAA + wAAdn cos a = {wAAdn/g){V‘^/p) 


Letting dz represent the change in elevation corresponding to 
dn, we have dz = cos a. Thus from the above we may write 


gdp , g^ 
wdn wdn 
72 


Y! 

p 


(85) 


fp y ^ 

Since = constant along line AB, we may 

j,g 


w 


differentiate with respect to n and obtain 


^ 4 - * + YYAL 

dn wdn dn 2gdn 
And from tliis we may write 


gdp , VdV 

wdn dn dn 


(8C) 


Combining equations (85) and (86) we obtain 


This may be written as 


VdV 

p dn 


= 0 


V ■ p 
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(87) 


Integrating 


3 crossing AB could be determined. 

rhe solution of the problem from this point depends upon the 
iation in the cross-section perpendicular to the plane of the 
3or. The remainder of the discussion will be confined to the 
le where the boundary walls are planes passing through an 
s of rotation, as shown. The thickness of the elementary 



Fig. 162. 

ume perpendicular to the plane of the paper will be rM. 
B rate of discharge through the channel between the wall at 
ind the stream line at distance n will be 

Ag' = J" rA e . dn. V. 

• the entire circumference around the axis fi'om which r i.s 
asured, we may substitute 2Tr for Ad, and, inserting the value 
V given by equation (87), we have 


spending values of n determined from the F 4 curve. This fixes 
the division points for the stream lines along the section AB. 
A similar procedure may be gone through with for any other 
sections. If a considerable change is effected in the tentative 
stream lines first assumed, this inaj^ be repeated for the corrected 



set and so on. However extreme accuracy is not warranted, so 
“■hat a reasonable approximation is quite sufficient. 

As a final check on the work it may be noted that if a series 
■f normal lines be drawn, as in Fig. 153, 

^ ^ = constant (89) 


The proof of this is that if two flow lines are spaced dn apart, we 
nay write AS 1 /AS 2 = p/(p + dn). From the preceding treat- 
ment, we have dV/V = —dnfp, from which may be obtained 
(F 4- dV)/V = Vi/Vt = (p — dn)/p. Multiplying both num- 
erator and denominator of the last term by (p + dn) and drop- 
ping differentials of the second order, we have 


Zi 

F, 


7 -- or FAs ='constant 

A.*?! 


( 90 ) 


q' = AnrAfiy = AnrAd X r , since FAs = constant. 

If all stream lines are so spaced as to subdivide the total flow 
into equal parts, we have for the entire channel An-rjAs = 
constant. 

In the profile views of the turbine runner are shown only the 
circular projections of the true stream lines. The application of 
the preceding theory to this case is open to some uncertainty, 
but the theory should apply rather closely to the stream lines from 
the draft tube up to the discharge edge of the runner, since these 
lines should be in the plane of the paper. The principal object 
of the procedure is to determine the division points along the 
outflow edge and the direction of the stream lines at these points, 
and any uncertainty as to the stream lines within the runner will 
have little effect upon this. Hence the method is acceptable. 


TEST DATA 


The following data will supply material from which a number 
of curves may be constructed. Most of it will be found suitable 
for plotting characteristic curves, if deshed. 

Tables 1 to 5 inclusive are Holyoke tests of five reaction tur- 
bines of different types, taken from “ Characteristics of Modern 
Hydraulic Turbines” by C. W. Lamer in Trans. A. S. C. E., Vol. 
LXVI, p. 306. Table 6 contains the results of the test of an 
I. P. Morris turbine in the hydro-electric plant of Cornell Uni- 
versity. 

Tables 7 to 11 inclusive are tests of the same Polton-Doble 
tangential water wheel under widely different heads. These 
were made under the direction of the author by F. W. Hoyt and 
H. H. Elmendorf, seniors in Sibley College. In general they con- 
firm the conclusions in Art. 103. Within reasonable limits the 
characteristic curve is about the same regardless of the head 
under wlrich the test was made. The results show that the 
efficiency increases rather rapidly as the head is increased from 
very low values, but, as the effect of mechanical losses becomes 
relatively less for the higher heads, the efficiency increases but 
slightly thereafter. It might be expected that the efficiency 
would approach a certain value as a limit as the head was indefi- 
nitely increased, provided the bearings were adapted to the higher 
speeds. Such might be the case if it were not for another factor. 
The absolute velocity of discharge, Fz, varies as the square root 
of the head. For low heads the water discharged from the buck- 
ets strikes the case and falls into the tail race without interfering 
with the wheel. For high heads it was observed that the water 
was deflected back from the case with sufficient velocity to strike 
the wheel and thus to greatly increase the values of friction and 
windage over the values given in Table 12, where no water was 
present. The head at which this interference began to take place 


Some test data taken for the Pelton Water Wheel Co. by the 
J. G. White Co. will be found in Table 13. The results of tests 
on two centrifugal pumps of widely different types are given in 
Tables 14 and 15. 

In the construction of characteristic curves, the following 
method has been found to be very commnient. Construct curves 
between efficiency and speed under 1-ft. head for the various 
gate openings. For any given efficiency the speeds for the dif- 
ferent gates can be obtained from these and the points thus 
dermined location on the charactei'istic curve. The iso-effi- 
ciency curves may be drawn through these points, thus eliminat- 
ing the necessity of interpolation. Smooth efficiency curves, 
however, should be drawn, since very slight errors in data appear 
magnified on the characteristic curve. 



Company Tdrbinb Wheel,, No. 1795 
Date, February 18 and 19, 1909. Case No. 1794 
Wheel supported by ball-bearing step. Swing-gate. Conical draft-tube 
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— For oxpcrimouts Nos. 1, 15, 25, 35, 40 and 00, the jaokot was loose. 

Duriug the above cxperiineuls, the weight of the dynamometer, and of that portion of 
the shaft which was above the lowest coupling was 1,300 lb. 

With the flume empty, a strain of 1.0 lb., applied at a distunoc of 2.4 ft. from the center 
of the shaft, sufficed to start the wheel. 
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Noth. — F or lUxiH'ritiKMitfl Nos. 1, 11, 21, uiid 57, thn jDokct was loo.so. 

IluriiiK tlio abovo (ixjJorimoiUH, tho >voiKlit of the dynamomoLor and of that portion of 
tlio Hliiift whioli wnH above Uio lowest oouplinj? was 2,fi00 lb. 

WitJi tlu? fliimn empty, a Htrain of 1.0 Ib., miplicd at n distance of 3-2 ft. from the center of 
(he rtbiift, oufliccd to start the wheel. 





Number of 











Note. — Tho jacket wng loose for Expcrimeiita Nos. 1, 13, 22, 40, 62, and 6C. 

During the above experiments, the weight of tho dynamometer and of that portion of tbo 
shaft which was above the lowest coupling was 2,600 lb. 

With the flume empty, a strain or 0.5 Ib., applied at a distance of 3.2 ft. from the oeulcr 
of tho shaft, sutBccd to start tho v/heeU 











8.030 0.0300 


8.943 0,0448 


8.951 0.0576 


8.959 0.0070 


8.966 0.0750 


8.978 0.0860 
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150 

200 

250 

280 

0 

100 

150 
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260 

320 

0 

100 

150 

200 

250 

330 

0 

100 

150 
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250 

340 

0 

100 
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200 

250 

360 

0 

100 

150 

200 

250 

360 

0 

100 

160 

200 

250 

360 









U.O/’O 

46.4 




300 

11.50 

0.768 

62.0 




400 

10.20 

0.908 

73.3 




500 

9.05 

1.010 

81.5 




000 

7.30 

0.975 

78.7 




700 

5.45 

0.850 

68.6 




800 

3.30 

0.515 

41.6 




900 

1.20 

0.241 

19.4 




970 

0.00 

0.000 

00.0 

0 

62.74 

0.200 

100 

15.25 

0.340 

23.8 




200 

14.00 

0.624 

43.7 




300 

12.65 

0.846 

59.5 




400 

11.25 

1.011 

71.0 




500 

9.95 

1.110 

78,0 




600 

8.20 

1.098 

77.0 




700 

6.00 

0.935 

65.6 




SOO 

3.60 

0.561 

39.4 




900 

1.20 

0.302 

21.2 




985 

0.00 

0.000 

00.0 

7.85 

62 . 81 

0.230 

100 

17.40 

0.388 

23.7 




200 

16.10 

0.717 

43.8 




300 

14.70 

0.982 

00.0 




400 

12.80 

1.140 

69.5 




SOO 

11.10 

1.235 

75.5 




600 

9.30 

1.242 

76.0 




700 

6.90 

1.080 

66.0 




800 

4.20 

0.655 

40.0 




900 

1.85 

0.370 

22.6 




985 

0.00 

0.000 

00.0 










mm 

49.6 

3.315 

36.8 



500 

44.4 

4.940 

54.9 



KUin 

3 S .8 

6 . 0.50 

67.2 




32.6 

6. 530 

72.6 




26.6 

6.512 

72.4 



iBBiB 

20.2 

5 . 8,50 

65.0 



ISOO 

12.8 

4.280 

47.6 



1700 

5.4 

2.040 

22.7 



1880 

0.0 

0.000 

00.0 

2 ; u.i 

0.379 

100 

61.0 

1.360 

13.6 



300 

55.5 

3.710 

37.2 



500 

49.5 

5.510 

55.4 



700 

43.0 

6.700 

67.3 



HI 

36.4 

7.300 

73.4 




33.2 

7.390 

74.2 




29.7 

7.270 

73.0 




32.4 

6.480 

65.0 



1500 

14.4 

4.800 

48.2 




6.4 

2.420 

24.3 



1890 

0.0 

0.000 

00.0 

231.2 

0.434 

100 

67.2 

1.490 

13.3 



300 

61.8 

4.130 

36.8 



Hsiiiil 

55.4 

6.160 

54,9 



BliM 

47.8 

7.450 

66.3 




40.0 

8.015 

71.4 



RSilifl 

36.5 

8.125 

72.3 



H 

32.9 

8.063 

71.8 



■KiH 

24.8 

7.180 

64.0 



H nil 

16.3 

0.450 

' 48.5 



m nil 

7.0 

2 . 5.50 

22.7 

1 


nn 

0.0 

0.000 

00 '. 0 


WP1 



Turns 

of 

needle 

Head, 1 
ft. 

Disohargn, 
ou. ft. per 
see. 


Brake 1 
load, 
lb. 

1 

B.h.p. 1 

i 

Eflicicney, 
per eciit. 

1 

305.1 

0.1025 

0 

18.0 

0.00 

00.0 




400 

15.8 

1.41 

39.6 




800 

12.6 

2.24 

63.2 


1 


1000 

10.8 

2.41 

67.7 




1200 

8.4 

2.24 

63.2 




1400 

6.0 

1.87 

52.7 




1600 

3.2 

1.14 

32.2 




1800 

0.4 

0.16 

4.5 




1920 

0.0 

0.00 

0.0 

2 

305.2 

0.185 

0 

35.0 

0.00 

00.0 




400 

30.8 

2.74 

42.7 




800 

24.0 

4.38 

08.4 




1000 

21.0 

4.07 , 

72.7 




1200 

17.5 

4.67 

72.7 




1400 

13.4 

4.18 

66.1 

i 

1 



1600 

9.1 

3.24 

50.6 




1800 

4.4 

1.76 

27.4 



i 

2020 

0.0 

0.00 

00.0 

3 

305.5 

0.278 

0 

52.8 

0.00 

00.0 

! 



400 ' 

46.2 

4.02 

41.5 

1 



800 

36.6 

6.52 

67.4 

1 



1000 

32.0 

7.12 

73.7 




1200 

26.8 

7.15 

74.0 




1400 

20.7 

6.45 

06.8 




1600 

14.4 

5.13 

53.0 




1800 

7.8 

3.12 

32.2 


1 

j 


2080 

0.0 

0.00 

00.0 

4 

305.7 

0.341 

0 

62.8 

0.00 

00.0 




400 

53.6 

4.77 

40.3 




800 

43.0 

7.05 

64.7 




1000 

38.4 

8.55 

72.2 




1200 

33.0 

8.82 

74.5 




1400 

26.0 1 

8.10 

68.4 





18.6 1 

0 . 62 

55 . 9 


ISOO in n ' ,1 nn 




400 

62.6 



800 

52.0 



1000 

45.8 



1200 

38.4 • 



1400 

30.2 



1000 

21.0 



1800 

11.0 



2150 

00.0 


u.uu 

uu.o 

5.57 

40.9 

9.27 

68.1 

10.20 

75.0 

10.25 

75.3 

9.40 

69.0 

7.48 

55.0 

4.40 

32.4 

0.00 

00.0 


12.- 

■ViiiCTioN AND Windage op 12-inch 

Pelton-Doble 


GENTIAL 

Water AVheel 


p.in 

H.p. 

R.p.m. 

H.p. 

100 

0.0025 

800 

0.1545 

!00 

0.0089 

900 

0.2190 

too 

0.0146 

1000 

0.2660 

too 

0.0305 

1100 

0.3270 

>00 

0.0515 

1200 

0.3910 

too 

0.0746 

1300 

0.4980 

'00 

0.1135 

1400 

0,5970 



1500 

0.7020 


3. — Test of a Pelton-Doblb Tangential Water Wheel near 
Fresno, Cal. 

Static Head = 1403.45 ft. 


id, 

! Discharge, ou. 

1 ft. per sec. 

H.p. 

input 

B.h.p. 

Efficiency, 
per cent. 

.77 

1 17.50 

2790 

2075 

74.4 

.25 

22.10 

3510 

2767 

78.7 

.56 

27.00 

4280 

3450 

80.7 

.15 

31.90 

5050 

4120 

81.7 

.80 

30.70 

6800 

4765 

82.2 

,05 

42.00 

6630 

5480 

82.7 

90 

54.00 

8475 

6825 

80.0 


Efricinncy, 
per cunt.. 
00. 0 

11.7 
28.0 

42.0 

61.0 

70.2 
73.5 

73.7 

73.2 

67.7 

68.0 

50.7 



Absolule velocity, 80 
Action of water, 7 
American turbine, 9 
Annual cost of power, 197 
Arrangement of runners, 11 
Axial flow, 9 


B 


Barker’s mill, 41 
Bearings, 5Q 
Brake, 146 
Breast wheel, 1 
Bncketa, 31 

design of, 208 
pitch of, 206 


C 


Capital cost, 195 
Case, 58, 209 
Ccntrifug.al force, 97, 231 
inunp, 230 

Chain type construction, 32 
Characteristic curve, 173 
Classification of turbines, 7 
Clear opening, 210 
Coefficient of nozzle, 114 
Conduit, G 
Constants, 153 

determination of, 160 
uses of, IQl 

Cost, steam power, 200 
turbines, 192 
water power, 197 
Current meter, 145 
wheel, 1 

Cylinder gate, 52 


Defects of theory, 134, 242 
Deflecting nozzle, 36 
Diameter of runner, 52 
and discharge, 154 
and power, 155 
and speed, 152 
Diffusion vanes, 231 
Direction of flow, 8 
Discharge curve, 15 

measurements of, 143 
Doble bucket, 30 
Draft tube, 13, 63, 100 
Dynamometer, 146 


F, 

Eddy loss, 70, 125 
Efficiency, 83 

ns function of speed and gat 
164 

of impulse wheel, 39, 115 
maximum, 177 
on part load, 179 
of reaction turbine, 72 
relative, 182 
Energy, 80 


E 

Palling stream, effect on flow, 15 
Fitz water wheel, 2 
Plow and head, 18 
Flow, dirootion of, 8 
Plume, 14 

Force exerted, 84, 108 
Forebay, 6 

Fourneyron turbine, 8, 41, 93 
Francis turbine, 3, 41 



inm innci, in; 


fi 

Gage heights, Iluct.iii>.(.ionB in, 10 
rclalion of, l.o flow, 15 
Gates, cylinder, 52 
design of, 228 
register, 53 
wicket, 53 

Girard turbine, 30, 92 
Governing —SCO speed regulation. 
Governors, 74 
Gradient, 15 
Guides — see gates. 

H 

Hand of tiirbinc, 9 
Head, 80 

delivered to runner, 91 
and discharge, 162 
and odiciency, 152 
measurement of, 143 
net for pump, 233 
not for turbine, SI 
and power, 162 
and speed, 152 
variation of, 17 
-water, 6 

Holyoke testing flume, 140 
Howd turbine, 41 
Hydraucono, 08 
Hydraulic gradient, 21 
Hydrograph, 10 

1 

Impending delivery, 237 
Impulse circle, 204 


L 

Link, 56 
Load curve, 19 
factor, 19 

factor and cost, 198 
Losses, centrifugal pump, 234 
impidse turbine, 93, 11.3 
reaction turbine, 94, 125 

M 

Mnnomotric efficiency, 233 
McCormick runner, 42 
Mixed flow, 9 

N 

Needle nor-zle, 35 
Nozzle cootfleients, 114 
design, 204 

0 

Operating expenses, 197 
Outward flow turbine, 8 
Ovorgatc, 183 
Overhung wheel, 12 
Overload, 180 
Oversliot wheel, 2 

P 

Part load, 180 
Felton wheel, 30 
Penstock, 6 
Pitot tube, 144 
Pivoted guides, 

Pondage, 19 
Power, 83 

delivered to runner, 91 
effect of head on, 18 
effect of pondage on, 19 


ins cvirvc, 15 
ction turbine, 7 
iiclvnntages of, 171), 185, 189 
development of, 41 
problem of, 93 
fister gate, 53 
'Illation, 52 
ative velocity, 80 
icf valve, 24, 37, 66 
;arclation runs, 148, 249 
Bostats, 146 
nners, types of, 43 
construction of, 51 
design of, 211 
diameter of, 52 

S 

le of power, 198 
otcli turbine, 41 
lection of turbine, 169, 177 
aft, clioice of, 10 
position of, 9 
.ifting rim, 55 
,ock loss, 125, 236 
lut-off head, 237 
lecific speed, 155, 167, 245 
leed, effect of, 94 
ring, 61, 227 
iced rogulation, 35, 62 
cl'feot of pipe on, 23 
flitter, 32 
iand pipe, 24 
ieani power cost, 200 
tep bearing, 56 
torago, 20 


T 

'i'ail race, 6 

Tangential water wheel, 105 
Testing, 140 
Thrust of ninuel, 58 
Torque, 89 

Turbines, advantages of, 4 
classification of, 7 
definition of, 2 
types of, 7 
Turbine pump, 230 

U 

Undershot water wheel, 1 
V 

Value of water power, 202 
Vanes, number of, 214 
layout of, 219 
Velocity in case, 227 

of pump discharge, 232 
Volute pump, 230 
Vortex, 97 

W 

Water hammer, 24 
Water, measurement of, 15 
Water power, 15 
Water power plant, 5 
Water wheels, 1, 3, 4 
Wear of turbines, 70, 102 
Wicket gate, S3 


G 


Li 


Gage heights, fluctuations in, IG 
relation of, to flow, IG 
Gates, cylinder, 52 
design of, 228 
register, 63 
wicket, 53 

Girard turbine, 30, 92 
Governing — see speed regulation. 
Governors, 74 
Gradient, 15 
Guides — see gates. 

H 

Hand of tuibine, 9 
Head, SO 

delivered to runner, 91 
and discharge, 152 
and efflcieney, 152 
measurement of, 143 
net for pump, 233 
net for turbine, 81 
and power, 152 
and speed, 152 
variation of, 17 
-water, 6 

Holyoke testing flume, 140 
Howd turbine, 41 
Tlydrauoone, 68 
Hydraulic gradient, 21 
Hydrograph, 16 

I 

Impending delivery, 237 
Impulse circle, 204 
Impulse turbine, 7 

advantages of, 180, 190 


Link, 56 
Load curve, 19 
factor, 10 

factor and cost, 198 
Losses, centrifugal pump, 234 
impulse turbine, 93, 113 
reaction turbine, 94, 125 

M 

Manometrie cHiciency, 233 
McCormick runner, 42 
Mixed flow, 9 

N 

Needle nozzle, 35 
Nozzle coefiieients, 114 
design, 204 

0 

Operating expenses, 107 
Outward flow turbine, 8 
Overgate, 183 
Overhung wheel, 12 
Overload, 180 
Overshot wheel, 2 

P 

Part load, 1 80 
Pelton wheel, 30 
Penstock, 6 
Pitot tube, 144 
Pivoted guides,'53 
Pondage, 19 
Power, 83 

delivered to runner, 91 
effect of head on, 18 
effect of pondage on, 19 
effect of storage on, 20 


T 


UK curvii, 15 

ition Uirhiiic, 7 

ulviuikiKcs of, 17'J, 185, 180 

(levclopmonl, of, 41 

problem of, 93 

slcr KirlO) f)3 

ilaUoii, 7)2 

.live voloeity, 80 

af valve, 24, 37, 50 

irdalion runs, 148, 249 

Dstals, 140 

ners, types of, 43 

constriietion of, 51 

design of, 211 

diameter of, 52 

S 

of power, 198 
toll turbine, 41 
lotion of turbine, 1()9, 177 
ft, olioicc of, 10 
position, of, 9 
iting rim, 55 
ok loss, 125, 230 
.t-oll head, 237 
cilic speed, 155, 107, 245 
ed, effect of, 94 
ring, 01, 227 
lod regulation, 35, 52 
effect of pipe on, 23 
ittcr, 32 
nd pipe, 24 
am power cost, 200 
p bearing, 50 
irage, 20 


Tail race, 6 

Tangential water wheel, 105 
Testing, 140 
'I'hrust of rumiet, 58 
Torque, 89 

Turbines, advantages of, 4 
classification of, 7 
definition of, 2 
types of, 7 
Turbine pump, 230 

U ' 

lindcraliol water wheel, 1 
V 

Value of water power, 202 
Vanes, number of, 214 
layout of, 219 
Velocity in case, 227 

of pump discharge, 232 
Volute pump, 230 
Vortex,- 97 

W 

Water Jiammer, 24 
Water, measurement of, 15 
Water power, 15 
Water power plant, 5 
Water wheels, 1, 3, 4 
Wear of turbines, 70, 102 
Wicket gate, S3 


